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Abstract
Owing to our dependance on spaceborne technology, an awareness of dis-
turbances in the near-Earth space environment is proving to be increasingly
crucial. Earth-directed Coronal mass ejections (CMEs) emanating from the
Sun are the primary drivers of space weather disturbances. Studies of CMEs,
their kinematics, and their near-Earth effects are therefore gaining in impor-
tance.
The effect of CMEs near the Earth is often manifested as transient de-
creases in galactic cosmic ray intensity, which are called Forbush decreases
(FDs). In this thesis we probe the structure of CMEs and their associated
shocks using FD observations by the GRAPES-3 muon telescope at Ooty.
We have established that the cumulative diffusion of galactic cosmic rays
into the CME is the dominant mechanism for causing FDs (Chapter 3).
This diffusion takes place through a turbulent sheath region between the
CME and the shock. One of our main results concerns the turbulence level
in this region. We have quantitatively established that cross-field diffusion
aided by magnetic field turbulence accounts for the observed lag between the
FD and the magnetic field enhancement of the sheath region (Chapter 4).
We have also investigated the nature of the driving forces acting on CMEs
in this thesis. Using CME data from the SECCHI coronagraphs aboard
STEREO sapcecraft, we have found evidence for the non-force-free nature
of the magnetic field configuration inside these CMEs, which is the basis for
the (often-invoked) Lorentz self-force driving (Chapter 5).
Taken together the work presented in this thesis is a comprehensive at-
xvii
xviii
tempt to characterise CME propagation from typical coronagraph fields of
view to the Earth.
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Chapter 1
Introduction
In this chapter we will introduce the fundamental physics and concepts that
are discussed in this thesis, beginning with a short introduction to the Sun, its
interior, various layers, atmosphere, and activity. This is followed by an in-
troduction to coronal mass ejections (CMEs) comprising a historical account
of CME observations, physical properties, initiation models, and propagation
models. This is followed by an introduction to the Sun-Earth connections and
the effects of the solar wind and CMEs on near-Earth space weather
1.1 Sun
The Sun, our nearest star and the center of our solar system, is a main
sequence star of spectral type G2V. The Sun has a total luminosity L =
(3.84 ± 0.04) × 1026W , mass M = (1.9889 ± 0.0003) × 1030 kg and radius
R = (6.959±0.007)×108m (Foukal, 2004). The Sun was born from a giant
molecular cloud of approximate mass 104 − 106 M which began to gravita-
tionally collapse and fragment. The process of collapse and fragmentation
continued until one of these fragments attained a central temperature large
enough to start hydrogen fusion, about 4.6× 109 years ago (Prialnik, 2009).
1
2 1.1. Sun
At this point the energy produced by the hydrogen fusion was high enough
to counterbalance the gravitational collapse. Currently, the Sun is in a stable
configuration, on the Main Sequence, where it is in hydrostatic equilibrium
(∇P = −ρg). The Sun will continue to maintain this stable state for about
another 5× 109 years before entering the red giant phase. At this point the
Sun will expand to about 100 times its current size and begin shedding its
outer layers, due to successive nuclear burning in ever more distant shells.
This will ultimately leads to the total loss of the outer envelope exposing a
degenerate core, in which all nuclear burning has ceased, called a white dwarf
(Phillips, 1995).
1.1.1 Solar Interior
The entire energy emitted by the Sun is produced by ‘hydrogen fusion’ re-
actions. The core is the central part of the Sun where the temperature and
pressure are high enough for the fusion reaction to occur. The temperatures
in the core are around 1.5× 107K and the pressure exceeds 2.5× 1011 atmo-
spheres. The core extends up to 0.25R. Outside of the core is the radiative
zone (0.25− 0.70R), where thermal radiation is the most efficient means of
transporting the intense energy generated in the core (in the form of high
energy photons) outward. The temperature drops from about 7 × 106K at
the bottom of the radiative zone to 2×106K just below the convection zone.
Due to the high densities (2×104−2×102 kg m−2 ) in the radiative zone the
mean free path of the photons is very small (∼ 9.0× 10−2 cm); hence it can
take tens to hundreds of thousands of years for photons to escape. The ra-
diative zone and the convection zone are separated by a transition layer, the
tachocline. The convection zone is the outer layer of the Sun (0.7− 1.0R).
The temperature of the convection zone is lower than that in the radiative
zone and heavier atoms are not fully ionized. As a result, radiative heat
transport is less effective. The density of the gases in this zone are low
enough to have convective currents. Material heated at the tachocline pick
up heat and expand. This reduces the density of material and allows it to
rise. Thermal convection carry the majority of the heat outward to the Sun’s
photosphere. The material cools off at the photosphere, which increases its
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Figure 1.1: Showing different layers of Sun. At the centre of the Sun is the
core (≤ 0.25R) where temperatures reach ∼ 1.5 × 107K, high enough for
fusion to take place. The energy generated at the core from the fusion process
is transported towards surface via thermal radiation in the radiative zone
(0.25−0.70R). At this point the solar plasma is cool enough to from highly
ionised atoms and becomes optically thick. As a result it is convectively
unstable and energy is transported through mass motions in the convection
zone (0.7 − 1.0R ). The visible surface of the Sun, the photosphere, is a
thin layer in the atmosphere where the bulk of the Sun’s energy is radiated,
its spectra is well matched to a blackbody with peak temperature of 5600K.
Above the Sun’s visible surface lies the chromosphere and finally the corona
where the temperature soars back up to 1 − 2 × 106K. (image courtesy :
Geyserland observatory)
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Figure 1.2: Left: Shows the Sun’s bipolar field. M iddle: The magnetic field is
being twisted by differential rotation. Right: Loops of magnetic field begin to
break the surface forming sunspots (From The Essential Cosmic Perspective,
by Bennett et al., 2006)
density and causes it to sink to the base of the convection zone. At the
convection zone it picks up more heat from the top of the radiative zone
and the cycle continues. The visible surface of the Sun, the photosphere, is
the layer below which the Sun becomes opaque to visible light. Above the
photosphere visible sunlight is free to propagate into space, and its energy
escapes the Sun entirely.
The core and the radiative zones of the Sun rotate rigidly (as a solid
body), where as the convection zone rotates differentially. There is a thin
interface between these two regions known as the tachocline. This region is
subjected to large shear flows due to the meeting of the two bodies rotating
at different rates. These flows are believed to be the mechanism which gener-
ates the Sun’s large-scale magnetic field and powers the solar dynamo. The
Sun’s magnetic field is mainly dipolar and aligned to the rotation axis. Each
hemisphere has an opposite dominant polarity (see the left panel in Figure
1.2). The differential rotation of the convection zone winds up this field (see
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the middle panel in Figure 1.2). This large scale twisting transforms poloidal
field to toroidal field which is known as the Ω-effect. As the field is twisted
up the magnetic pressure increases and bundles of magnetic field lines (flux
ropes) can become unstable and rise up in the from of loops. Due to solar
rotation, the Coriolis effect twists these loop back towards north-south ori-
entation, reinforcing the original poloidal field. This is known as the α-effect
(see the right panel in Figure 1.2) and completes the αΩ-dynamo. When
magnetic loops become buoyant and rise up through the surface they are
visible as sunspots on-disk and mark the footprints of large loops which ex-
tend into the solar atmosphere. In a given hemisphere the leading sunspot
and trailing sunspot will have opposite polarities, this order is reversed in
the other hemisphere (Hale’s Law). The tilt angle of the sunspots pairs have
a mean value of 5.6◦ relative to the solar equator (Joy’s Law). Sunspots
are known to migrate from high latitudes towards the equator over an 11
year cycle (Sporer’s Law; see figure 1.3). The net affect is an increase in
opposite polarity field at the poles, ultimately the majority of the field will
be oppositely oriented and the dipole will flip. This occurs every 11 years,
thus a complete cycle takes 22 years (N to S to N). The activity of the Sun,
in the form of active regions, flares, transient events, and other associated
phenomenon, is modulated by this cycle (see figure 1.3 lower).
1.1.2 Solar Atmosphere
The photosphere is the layer beyond which the optical depth falls below
unity. The Sun’s atmosphere typically refers to all the regions above the
photosphere. Based on their density, temperature, and composition the so-
lar atmosphere is usually separated into three regions, the photosphere, chro-
mosphere and corona as shown in Figure 1.4. However, the separation solar
atmosphere is a simplification as the atmosphere is an inhomogeneous mix
of different plasma properties due to up-flows, down-flows, heating, cooling
and other dynamic processes. The density of the plasma generally decreases
with increasing height through these regions. The temperature decreases in
photosphere, reaching a minimum in the chromosphere, then slowly rises un-
til there is a rapid increase at the transition region which continues into the
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Figure 1.3: The position of the sunspots in equal area latitude strips, aver-
aged over a solar rotation with respect to time (top). The butterfly pattern
is clear as the decrease in the upper limit of sunspot latitudes with time.
(bottom) The average sunspot area as a function of time. The 11 year mod-
ulation is clear in both of these plots. Image courtesy of NASA MSFC.
corona. This rapid increase in temperature embodies the so-called ‘coronal
heating problem’.
An important parameter in describing the solar atmosphere is the plasma-
β term, the ratio of the thermal to magnetic pressures:
β = Pth
Pmg
= nkBT
B2
2µ0
(1.1)
where n is the number density and µ0 the permeability of free space. In the
photosphere the plasma-β is large (Figure 1.5). The plasma-β decreases far-
ther up in the solar atmosphere, before increasing again in the outer corona.
Photosphere
The photosphere is the lowest of the three layers of solar atmosphere. It is
the visible surface of the Sun and is defined as the height where the optical
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Figure 1.4: A 1D model of the electron density Ne[cm−3] and temperature
Te[K] profile through the solar atmosphere from Gabriel & Mason (1982).
Neutral atoms are present in the photosphere and chromosphere but the
plasma is fully ionised in the corona due to the higher temperature
depth, at visible wavelengths, equals 2/3 (τ5000 ≈ 2/3, I = I0e−τ ). This
is the mean optical depth at which the photospheric radiation is emitted.
The effective temperature (Teff = 5776) and blackbody temperature of the
photosphere matches here. This can be seen by substituting B(T ) = σ
pi
T 4
and F = σT 4eff (F is the total radiative flux) in the general solution of the
radiative transfer equation:
B(T ) = 34
(
τ + 23
)
F
pi
(1.2)
which gives,
σT 4 = 34
(
τ + 23
)
σT 4eff (1.3)
implying that τ = 2/3 (Foukal, 2004). The temperature drops from
6, 400K at the base of the photosphere to 4,400K at the top. The spectrum
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Figure 1.5: Plasma-β in the solar atmosphere as a function of height for two
magnetic field strengths of 100G and 2500G. The layers of the atmosphere
are segregated by the dotted lines. The corona is the only region in which
the magnetic pressure dominates over the thermal pressure, a low β plasma
(Aschwanden, 2006).
of photospheric radiation is that of a blackbody with a large number of
absorption features, Fraunhofer lines, due the upper layers of the atmosphere
superimposed on it. The number density of photosphere ranges from ∼
1019 − 1021m−3 over the depth of the photosphere (500 km).
One of the main observable features in the photosphere is granulation.
This represents convection currents operating just below the photosphere,
which transport heat from below to the surface. Granules are small-scale
features made up of brighter regions isolated by darker lanes, interpreted
as the upflow of hot material to the surface which then flows horizontally
and cools, flowing back down in the dark lanes. Typical granules are of the
order of 1, 000 km in diameter. They have lifetimes of 5-10 minutes with
vertical flow velocities of hundreds to thousands kms−1. There are also
larger scale flow patterns known as mesogranulation and supergranulation.
Mesogranules are typically 7000 km in diameter, and have lifetimes of hours
with vertical flows of the order of tens of ms−1. Supergranules are larger
still at diameters of 3 × 104 km, and consequently have longer lifetimes of
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days. Supergranules have large horizontal flows and smaller vertical flows
of the order of 0.5 kms−1. Sunspots appear in the photosphere as darker
regions due to their lower temperature (4, 000K). They appear dark since
convection is suppressed by the strong kilogauss magnetic fields. Sunspots
play an important role in the activity of the Sun as they are the source of
solar flares and many CMEs.
Chromosphere
The chromosphere is the middle layer of solar atmosphere, which lies above
the photosphere. At this layer the temperature initially decreases to a mini-
mum of ∼ 4, 500K before increasing to ∼ 20, 000K with increasing height.
It occupies a region approximately 2, 000 km thick with a density of about
1016m−3. The chromosphere has a split structure between the hot bright
magnetic network and the cooler darker internetwork (Gallagher et al., 1999).
Spicules, which are jets of plasma are also observed on the limb. These jet-
like structures have diameters of hundreds of kilometres, attaining heights
of tens of thousands of kilometres above the solar surface, with flows of the
order of 30 kms−1 lasting 5 - 10 minutes.
The nature of the heating mechanism of chromosphere is unclear. Obser-
vations imply that there must be some form of energy deposition occurring.
Neither radiation nor conduction can be the source as the temperature is
lower at the base of the lower chromosphere and photosphere than in chro-
mosphere proper (and would thus violate the laws of thermodynamics). Since
the chromosphere is in hydrostatic equilibrium, mass motions are neither ob-
served nor applicable. The most likely source of the energy (heat flux) is
the dissipation of compressional or sound waves Schwarzschild (1948). The
convective plasma motions of the photosphere launches sound waves into the
chromosphere. These sound waves travel upwards with little dissipation. As
the density drops, the waves steepen and form shocks which rapidly dissipate
energy, thereby heating the chromosphere. This type of acoustic heating is
not appropriate in the network regions. In these regions the strong magnetic
fields suppress the convective motions which drive the waves. This led to the
10 1.1. Sun
idea of Aflvén wave heating which is first introduced by Osterbrock (1961).
Aflvén waves are magneto-hydrodynamic waves which propagate along mag-
netic fields. The restoring force is provided by magnetic tension and the ion
mass provides the inertia. Here the magnetic field itself is responsible for
transportation and deposition of the energy from the photospheric motions.
This type of heating matches well with observations of plage and emerging
flux regions. Both of these show strong heating which imply that the heat
flux is related to the magnetic field strength.
Filaments are often seen over active regions as dark channels in on-disk
Hα observations or as prominences when observed on the limb as bright
features. The transition region lies between the chromosphere and corona,
here the temperature rapidly jumps (over 100 km) to above 1 MK. Above the
transition region the magnetic field dominates and determines the structures.
Corona
The tenuous, hot, outer layer of the solar atmosphere is known as the corona.
The electron density of the solar corona ranges from ∼ 1014m−3 at its base,
2, 500 km above the photosphere, to . 1012m−3 for heights & 1R (As-
chwanden, 2006). The density varies depending on the feature, such as
the open magnetic structures of coronal holes can have densities in the
region of (0.5 − 1.0) × 1014m−3 , streamers have densities in the region
of (3 − 5) × 1014m−3 while active regions have densities in the region of
2×1014−1015m−3. The temperature in the corona is generally above 1×106K
but again varies across different coronal features. Coronal holes have the
lowest temperature (less than 1 × 106K) followed by quiet Sun regions at
1 − 2 × 106K. Active regions are the hottest at 2 − 6 × 106K with flaring
loops reaching even higher temperatures. The high temperatures reached in
the corona give rise to EUV and X-ray emission, which have highly ionised
iron lines as a prominent feature. The visible corona during eclipses is due to
Thomson scattering of photospheric light from free electrons in the coronal
plasma. The corona has a number of components:
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• K-corona (kontinuierliches spektrum) is composed of Thomson-scattered
photospheric radiation and dominates below ∼ 2R. As a result of the
Thomson scattering mechanism, the scattered light is strongly polarised
parallel to the solar limb. The high temperatures mean the electrons
have high thermal velocities. This will wash out (due to thermal broad-
ening) the Fraunhofer lines, producing a white-light continuum. The
intensity of the K-corona is proportional to the density summed along
the line-of-sight.
• F-corona (Fraunhofer) is composed of Rayleigh-scattered photospheric
radiation by dust particles, and dominates above ∼ 2R. It forms
a continuous spectrum with the superimposed Fraunhofer absorption
lines. The radiation has a very low degree of polarisation. The F-
corona is also know as Zodiacal light, it can be seen with the naked eye
at dawn or dusk under favourable conditions.
• E-corona (Emission) is composed of line emission from visible to EUV
due to various atoms and ions in the corona. It contain many forbidden
line transitions, thus it contains many polarisation states. Some of the
strongest lines are Fe xiv 530.3 nm (green-line; visible), H-α at 656.3
nm (visible), and Lyman-α 121.6 nm (UV).
• T-corona (Thermal) is composed of thermal radiation from heated dust
particles. It is a continuous spectrum according to the temperature and
colour of the dust particles.
1.2 Coronal mass Ejections (CMEs)
Every main sequence star loses mass via dynamic phenomena in its atmo-
sphere that accelerate plasma or particles beyond the escape speed. In the
case of our Sun, the outer plasma atmosphere, known as the corona, ex-
tends to millions of kilometres. There are two forms of mass loss in Sun:
the steady solar wind flow and episodic coronal mass ejections (CMEs).
CMEs are large scale eruptions of plasma and magnetic filed which prop-
agate from the Sun into the Heliosphere. Post-eruption, CMEs are driven
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by the release of energy carried by the magnetic fields advected by the CME
(Vourlidas et al., 2000; Subramanian & Vourlidas, 2007). The more ener-
getic CMEs are associated with flares. The solar wind outflows amount to
∼ 2 × 10−10 (g cm−2 s−1) in coronal holes, and . 4 × 10−11 (g cm−2 s−1) in
active regions. The CME occurence rate is highly solar cycle dependent.
This occurs with an average frequency of few events per day, carrying the
mass in the range of mCME ∼ 1014−1016g, which corresponds to an average
mass loss of mCME/(∆t.4piR2) ∼ 2× 10−14 − 2× 10−12 (g cm−2 s−1), which
is . 1% of solar wind mass loss in coronal holes, or . 10% of that in active
regions. Further details regarding CME occurrence rate are mentioned below
in section § 1.2.2
A typical CME has a mass of 1013 − 1016 g (Vourlidas et al., 2002) and a
velocity between ∼ 10 − 2000 kms−1 some times reaching up to 3500 kms−1
close to the Sun (Yashiro et al., 2004). At 1 AU, CME velocities (300 −
1, 000 kms−1) tend to equilibrate to the solar wind speed (Gopalswamy, 2006;
Lindsay et al., 1999). The energies associated with CMEs are of the order of
1024 − 1025 J , making them among comparable to flares, the most energetic
events on the Sun (Vourlidas et al., 2002).
In this section we give only a brief introduction to CMEs, more detailed
reviews can be found in Webb & Howard (2012) and Chen (2011).
1.2.1 Observations of CMEs
Observations of the corona and CMEs are possible only when the photo-
sphere of the visible Sun is occulted. Such occultation occurs naturally dur-
ing solar eclipses and is artificially created by spaceborne coronagraphs. A
coronagraph produces an artificial solar eclipse. It uses an occulting disk to
block the Sun’s bright surface, revealing the faint solar corona, stars, plan-
ets and sungrazing comets. Coronagraphs view the outward flow of density
structures emanating from the Sun by observing photons emitted from pho-
tosphere Thomson-scattered by free electrons in solar corona.
The earliest observation of a CME probably dates back to the total solar
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eclipse of 18 July 1860 in a drawing recorded by Gugliemo Temple shown
in figure 1.6 (Eddy , 1974). It took more than 100 years after that for the
CME to be formally discovered. The first definitive observation being made
on 14 December 1971 by Tousey (1973) using the coronagraph on-board the
seventh Orbiting Solar Observatory (OSO-7).
Space-based coronagraphs
A number of orbital coronagraphs were flown in space which provided better
data and longer periods of CME observations. Spaceborne coronagraphs
which observed CMEs include OSO-7 coronagraph in the early 1970s (Tousey
, 1973), Skylab (1973 - 1974; MacQueen et al., 1980), P78-1 (Solwind) (1979
- 1985; Sheelay et al., 1980), and Solar Maximum Mission (SMM) (1980;
1984 - 1989; Hundhausen, 1999). In late 1995, the Solar and Heliospheric
observatory (SOHO) was launched. The SOHO spacecraft carries a set of
three Large Angle and Spectrometric Coronagraph (LASCO) coronagraphs
with nested field of view which image the Sun from 1.1 − 32R (Brueckner
et al., 1995). Of the three coronagraphs, the first one, C1 was an internally
occulted coronagraph designed to image the innermost corona from 1.1−3R
in emission lines. C1 ceased operation in June 1998. The other two (C2 and
C3) are externally occulted and designed to image the outer corona. The field
of view of C2 and C3 are 1.5−6R and 3−32R respectively. Two of the three
LASCO coronagraphs (C2,C3) are still operating. In October 2006 two sets
of identical coronagraph packages called, the Sun Earth Connection Coronal
Heliospheric Investigations (SECCHI) were flown on two spacecrafts called
Solar TErrestrial RElations Observatory (STEREO) A and B. The SECCHI
package consists of coronagraphs having unprecedented field of view ranging
from 1.4−4R (COR1), 2−15R (COR2), 12−84R (HI1) and 66−318R
(HI2) in white light. These coronagraphs are designed to provide 3-D view
of CMEs in the inner and outer corona.
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Ground-based coronagraphs
Ground-based instruments for imaging corona are complementary to the
space-based ones because they can achieve a better temporal resolution and
are not limited by the telemetry rate. However, they are limited by the inten-
sity and temporal variability of the sky. The main operating ground based
coronagraphs today include the Mauna Loa Solar Observatory (MLSO) K-
coronameter (1.2−2.9R) (Fisher et al., 1981; Koomen et al., 1974) and the
green line coronagraphs at Sacramento Peak, New Mexico (Demastus et al.,
1973) and Norikura, Japan (Hirayama & Nakagomi, 1974).
1.2.2 Physical properties of CMEs
CME observations have not only led to studies of their morphological prop-
erties, but also to statistical analyses of their physical and kinematical prop-
erties.
Morphology
A classical picture of a CME observed in white light comprises a three part
structure (figure 1.7). It displays a bright leading edge which contains the
material swept by the CME. The leading edge is followed by a darker cavity
which is due to its low density but has a high magnetic field. The cavity is
followed by a bright knot or core, which corresponds to the erupting filament
(House et al., 1981). CMEs may also exhibit more complex structures (Pick et
al., 2006). In fact less than ∼ 30% of CME events possess all the three parts
(Webb & Hundhausen, 1987). CMEs come in many different shapes, and
much of the variety is believed simply due to the projection effects (Schwenn,
2006). Fundamental difference can be found between narrow CMEs and
normal CMEs. The narrow CMEs show jet-like motions probably along open
magnetic field, on the other hand normal CMEs are characterized by a closed
frontal loop. There are also CMEs without a bright core. Some are due to
the fact that the filament material drained down to the solar surface along
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Figure 1.6: Drawing of corona as it appear to G. Tempel at Torreblanca,
Spain during the total solar eclipse of 18 July 1860. South is at bottom west
at right. (Eddy , 1974)
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Figure 1.7: Example of a classic three-part CME with the core, cavity, and
bright front marked. Adapted from Riley et al. (2008)
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the stretched magnetic field, some due to the fact that thermal instability
had not started to form a filament in the pre-eruption structure, and others
might not be related to filament or filament-supporting structure at all.
Angular width
The angular width of CMEs projected in the plane of the sky ranges from
∼ 2◦ to 360◦ (Yashiro et al., 2004), with a significant fraction in the low end
(e.g., < 20◦) and a small fraction in the high end (e.g., > 120◦). CMEs with
angular widths less than ∼ 10◦ can be called narrow CMEs (Wang et al.,
1998), and others are sometimes called normal CMEs (Yashiro et al., 2004,
see Figure 1.8). The average width of LASCO/SOHO CMEs is found to be
40◦ for limb CMEs. The average width is relatively smaller (47◦) during solar
activity minimum compared to that during solar maximum (61◦) (Yashiro et
al., 2004). Halo CMEs , with an apparent angular width of or close to 360◦,
are simply due to the fact that the CMEs (probably with an angular width
of tens of degrees) propagate near the Sun-Earth line, either toward or away
from the Earth.
Frequency of occurence
During solar cycle 23, LASCO observations provided unprecedented obser-
vations of CMEs . The occurrence rate of CMEs was found to largely track
the solar activity cycle, but with a delay of 6- 12 months (Raychaudhuri,
2005; Robbrecht et al., 2009) between the solar cycle maximum and max-
imum occurence rate of CMEs. Before the launch of SOHO, the average
occurrence rate was found to increase from 0.2 per day at solar minimum
to 3.5 per day at solar maximum (Webb & Howard, 1994). With the in-
creased sensitivity and wider field of view, the SOHO/LASCO coronagraphs
detected CMEs more frequently. The CDAW catalog 1 lists around 13,000
CMEs identified visually. The results from this catalog suggest that the
CME occurence rate increases from ∼ 0.5 per day near solar minimum to
1http : //cdaw.gsfc.nasa.gov/CME_list/
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Figure 1.8: White-light images of two types of typical CMEs (from
SOHO/LASCO database). (a) A narrow CME on 1997 March 11 (b) a
normal CME on 2000 February 27 with a three-part structure, i.e., a frontal
loop, a cavity, and a bright core, where the white circle marks the solar limb.
(Adapted from Chen (2011))
∼ 6 near solar maximum (Gopalswamy et al., 2003; Yashiro et al., 2004).
However, the automated software, CACTus3, identified many more events
for the same period, with the occurrence rate increasing from < 2 per day
near solar minimum to ∼ 8 per day near solar maximum (Robbrecht et al.,
2009). The CME daily occurrence rate detected by the two methods, along
with the sunspot number are shown in figure 1.9 for the comparison.
CME speeds
Estimates of the apparent speeds of the leading edges of CMEs range from
about 20 to > 2500 kms−1. The annual average speeds of Solwind and SMM
CMEs varied over the solar cycle from about 150−475 kms−1. Even though
their relationship to sunspot number was unclear (Howard et al., 1986; Hund-
hausen, 1994). On the other hand LASCO CME speeds did generally track
sunspot number in Solar Cycle 23 (Yashiro et al., 2004; Gopalswamy, 2010),
from 280 to ∼ 550 kms−1. For a typical CMEs, above a height of about 2R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Figure 1.9: The CME daily occurrence rate detected by the CACTus archive
(red) and the CDAW archive (blue) compared with the daily sunspot number
(gray) during solar cycle 23. Thin curves: smoothed per month, thick curves:
smoothed over 13 months (from Robbrecht et al., 2009)
the speeds are relatively constant in the field of view of coronagraphs. The
slowest CMEs tend to show acceleration while the fastest tend to decelerate
(St Cyr et al., 2000; Yashiro et al., 2004; Gopalswamy et al., 2006). This
can be expected, considering that CMEs must push through the surround-
ing solar wind, believed to have a speed of around 400 kms−1 in the outer
corona.
CMEs typically accelerate fast low in the corona until gravity and other
drag forces slow them further out. This process continues into the interplan-
etary medium. The early acceleration for most CMEs occurs low in the solar
corona (< 2R). Only 17% of all LASCO CMEs experience acceleration out
to 30R (St Cyr et al., 2000). Zhang et al. (2001, 2004) used the observations
of flare-associated CMEs close to the limb in the LASCO C1 field of view
(1.1− 3.0R) and found a three-phase kinematic profile. The first phase is a
slow rise (< 80 kms−1) over tens of minutes. The second phase shows rapid
acceleration of 100−500ms−2 in the height range 1.4−4.5R during the flare
rise phase, and a final phase exhibits propagation at a constant or declining
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speed. Gallagher, Lawrence & Dennis (2003) and others have identified the
strong acceleration region of impulsive CMEs to ∼ 1.5− 3.0R. The studies
of Sheeley et al. (1999) and Srivastava et al. (1999) using LASCO data found
that gradually accelerating CMEs looked balloon-like in coronagraph images,
but fast CMEs moved at constant speed even as far out as 30R. Sheeley et
al. (1999) found that when viewed well out of the sky plane, gradual CMEs
looked like smooth halos which accelerated to a limiting value then faded,
while fast CMEs had ragged structure and decelerate. In the LASCO field
of view slow CMEs tend to accelerate and fast CMEs decelerate, while those
around the solar wind speed having constant speeds (Yashiro et al., 2004).
The aerodynamic drag experienced by CMEs while they travel through
the interplanetary medium between the Sun and Earth is generally thought
to arise due to the coupling of the CMEs to the ambient solar wind. The
solar wind strongly mediates CME propagation (Gopalswamy et al., 2000;
Manoharan, 2006) in the interplanetary medium, CMEs which start out slow
(with respect to the solar wind speed) near the Sun seem to accelerate en
route to the Earth, while fast CMEs are decelerated. This fact has been
invoked in several studies that derive a heuristic aerodynamic drag coefficient
for CMEs to investigate CME slowdown using a simple 1D hydrodynamical
model that lends itself to analytical solutions (Borgazzi et al., 2009; Cargill,
2004; Byrne et al., 2010; Maloney & Gallagher, 2010; Vršnak et al., 2010,
2013). Subramanian, Lara & Borgazzi (2012) used the viscous drag by the
solar wind on the CME to study the velocity of CME in the interplanetary
medium.
CME mass & energy estimates
Masses of CMEs are derived from the white light images obtained by coron-
agraphs. The mass estimates are based on the fact that the white light emis-
sion from the corona is mainly due to Thomson scattering of photospheric
light by the electrons in the corona. This therefore requires estimation of the
coronal density from a series of time-lapse images of a CME by the coron-
agraph. This involves measurement of electron density, which is computed
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from the excess brightness after removing the pre-CME brightness. The
method is based on the assumption that a single electron at a certain point
in the atmosphere will scatter a known amount of solar disk intensity. Thus
by measuring the intensity and assuming that all of the mass is in a single
volume element, the number of electrons can be computed. The CME mass
can be estimated assuming charge neutrality.
Masses and energy calculations of CMEs require difficult instrument cal-
ibrations and often suffer from significant uncertainties. The older corona-
graph data (Skylab, SMM and Solwind) derived the average mass of CMEs
to be a few times 1015 g. Calculations using LASCO observations indicate
a slightly lower average CME mass, 1.6 × 1015 g. This is because LASCO
can measure smaller masses down to the order of 1013 g (Vourlidas et al.,
2002, 2010, 2011a; Kahler, 2006). Studies using Helios ( Webb, Howard &
Jackson, 1996) and LASCO (Vourlidas et al., 2000, 2010, 2011a) data suggest
that the older CME masses may have been underestimated. This is because
mass outflow may continue well after the CME’s leading edge leaves the in-
strument field of view. The true mass calculations using the STEREO data
(Colaninno & Vourlidas, 2009) states that the CME mass increases with time
and height then reaches a constant value above about 10R.
Average CME kinetic energies measured by LASCO are less than previous
measurements, 2.0 × 1030 erg (Vourlidas et al., 2010 - Figure 1.11). The
kinetic energy distribution of CME events appears to have a power law index
of -1 (Vourlidas et al., 2002).
The solar-cycle dependence of the LASCO CME mass and kinetic energy
(Vourlidas et al., 2010, 2011a) are shown in figure 1.10. The bottom panel
shows the total CME mass per Carrington rotation. The mass, mass density,
and kinetic energy all have minima in 2007. These are 2 - 4 times below the
1996 minimum and reflect the unusual extended activity in Solar Cycle 23.
The total mass reaches a minimum in 2009 and is roughly equivalent to the
minimum in 1996. According to MacQueen et al. (2001), the mass density
variation between Solar Cycle 22 minimum and maximum varied by a factor
4 even in the background corona.
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Figure 1.10: Solar cycle dependence of the CME mass and kinetic energy.
Top left: log CME mass. Top right: log CME mass density in g R−2. Middle
left: log CME kinetic energy. Middle right: CME speed. All four plots show
annual averages. Bottom panel: total CME mass per Carrington rotation.
The data gaps in 1998 and the drop in 1999 are due to spacecraft emergencies.
The plot is an update of Figures 14 and 1 in Vourlidas et al. (2010, 2011a)
to include events to July 31, 2010, Adapted from Webb & Howard (2012)
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Figure 1.11: Histograms of LASCO CME mass distribution (upper left), ki-
netic energy (upper right), and total mechanical energy ( bottom left) for 7668
events. Also shown are the histograms for events reaching maximum mass
< 7R (dashed lines) and events reaching maximum mass 7R (dash-double
dot). Not all detected CMEs have been included because mass measure-
ments require: (i) a good background image, (ii) three consecutive frames
with CMEs , and (iii) CMEs well separated from preceding CMEs. Adapted
from Vourlidas et al. (2010, 2011a).
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It is a difficult task to measure CME masses and energies using white
light images farther from the Sun . This is because of the lack of calibration
information and the uncertainties imposed by the faintness of the CMEs
compared to the background noise. The 3-D density reconstructions of a
few CMEs observed in the heliosphere by SMEI (Jackson et al., 2008, 2010)
also give the mass and energy estimates. These mass estimates generally
agree with the mass of the same CMEs as derived from LASCO data. The
kinematical properties, mass calculations are based on coronagraph images
and, therefore, subject to the same problems of projection and perspective.
More recent work making use of the stereoscopic capabilities of STEREO
have provided more accurate measurements (Colaninno & Vourlidas, 2009).
1.2.3 CME initiation models
A variety of observations of CMEs from different space-based and ground-
based missions prompted theoreticians to come up with several models or
mechanisms to explain the initiation and eruption of CME. It is generally
accepted that the required energy for powering a CME comes from the coro-
nal magnetic field. The pre-eruption state of the coronal magnetic field is
stressed beyond its minimum energy configuration. Several triggering mech-
anisms have been proposed either conceptually or through MHD analysis
and/or simulations which are described below.
Magnetic breakout model
The Magnetic break-out model was initially proposed by Antiochos (Antio-
chos et al., 1999). The initiation of a CME occurs in multipolar topological
configurations where reconnection between a sheared arcade and neighboring
flux systems triggers the eruption. The term breakout refers to the process of
reconnection which removes the unsheared field above the low-lying sheared
core flux, allowing it to burst open. A schematic is shown in figure 1.12.
This model strongly supports the idea that the eruption is solely driven by
magnetic energy stored in a closed sheared arcade.
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Figure 1.12: The evolution of the magnetic field in the breakout model, show-
ing the reconnection above the central flux system removes the constraint
over the core field (thick lines), and results in the final eruption (adapted
from Antiochos et al. (1999))
Tether cutting or flux cancellation model
Moore & LaBonte (1980) analyzed the filament eruption event on 1973 July
29, and found that:
• the magnetic field is strongly sheared near the magnetic neutral line
• the filament eruption and the two-ribbon flare were preceded by pre-
cursor activities in the form of small Hα brightening and mass motion
along the neutral line
• Hα precursor brightening and the initial brightening of the flare are
both located in the vicinity of the steepest magnetic field gradient
Piecing these features together, they proposed the tether-cutting mechanism.
This model is based on reconnection which occurs in initially sheared
bipolar arcades, leading to formation of a magnetic island or plasmoid, which
is then ejected. A set of largely closed post-flare loops are formed subse-
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quently underneath the erupting flux-rope, which is an important observa-
tional signature for this model. These post flare loops form a new arcade
that grows with time and sustained reconnection. In this model reconnec-
tion process is considered as an essential for the onset of magnetic explosion.
van Ballegooijen & Martens (1989) proposed a similar mechanism. They
pointed out that the magnetic flux cancellation near the neutral line of a
sheared magnetic arcade would produce helical magnetic field lines (flux
rope). These can support a filament, and on further cancellation can result in
the eruption of the previously-formed filament. This model was numerically
simulated by Amari et al. (2003).
Tether-cutting model and flux cancellation model are similar in nature.
The flux cancellation model might emphasize a more gradual evolution of
magnetic reconnection in the photosphere, whereas tether-cutting is a rela-
tively more impulsive process occurring in the low corona.
Flux rope model
In this model it is assumed that the initiation of the CME consists of two
phases, photospheric shearing and flux emergence. This leads to formation of
a twisted flux tube. The pre-eruption configuration consists of an infinitely
long flux rope and an overlying arcade, which starts to rise in the initial
phase, sets of magnetic field lines then form an island through which runs
the twisted flux rope closing down below with field lines reconnecting region
and finally a set of arcades close to the boundary that reforms with sustained
reconnection (Chen, 1996).
Flux-injection model
The magnetic configuration of a CME is that of a flux rope with footpoints
anchored below the photosphere. The eruption of such a configuration can be
brought by “ flux injection” process or a rapid increase in poloidal flux. This
mechanism is quite successful in reproducing not only the observed features
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Figure 1.13: Standard model for the magnetic field explosion in single-bipole
eruptive solar events ( Adapted from Moore et al. (2001)) The dashed curve is
the photospheric neutral line, bright patches are ribbons of flare in the chro-
mosphere at the feet of reconnected field lines. The diagonally lined feature
above the neutral line in the top left panel is the filament of chromospheric
temperature plasma.
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close to the Sun but in the interplanetary medium of a CME (Krall, Chen &
Santoro, 2000).
1.3 Sun-Earth Connection (Space weather)
The term space weather refers to conditions on the Sun and in the solar wind,
magnetosphere, ionosphere, and thermosphere that can influence the perfor-
mance and reliability of space-borne and ground-based technological systems
and that can affect human life and health (definition used by the U.S. Na-
tional Space Weather Plan). Our society has become increasingly vulnerable
to disturbances in near-Earth space weather, in particular to those initi-
ated by explosive events on the Sun like solar flares, solar energetic particles
(SEPs) and coronal mass ejections (CMEs).
Solar flares release flashes of radiation covering wavelength ranging from
radio waves to Gamma-rays, that can often heat up the terrestrial atmosphere
within minutes such that satellites drop into lower orbits. SEPs accelerated to
near-relativistic energies during major solar storms arrive at the Earth’s orbit
within minutes and may, among other things, severely endanger astronauts
travelling through interplanetary space, i.e., outside the Earth’s protective
magnetosphere. Earth directed CMEs hit the Earth’s magnetosphere and
cause (among other effects) geomagnetic storms.
A fleet of spacecraft (ULYSSES, SOHO, YOKHOH,WIND, ACE, TRACE,
RHESSI, Hinode, SDO) has enabled us to advance our understanding of the
processes involved near the Sun, in interplanetary space, and in the near-
Earth environment, thus sharpening our understanding of the Sun, the he-
liosphere, and the solar-terrestrial relationships. It is useful to mention the
famous “Halloween events” that occurred during several days in late Octo-
ber/early November 2003 to understand the importance of space weather
study. A few very active regions moved across the Earth-facing side of the
Sun and produced several bright flares and massive eruptions. Some of them
resulted in powerful CMEs that were pointed towards the Earth and caused
major geomagnetic storms. Intense fluxes of SEPs with relativistic energies
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Figure 1.14: This cartoons shows how the solar disturbances can effect the
human society. It can damage things from the satellites to the underground
communications.
were also generated, capable enough to penetrate the skins of spacecraft and
instruments and even damage some. Fortunately, the CCD cameras in these
telescopes recovered after few hours. When it was realized how high the
radiation dose from such giant events can actually be, this issue became a
primary concern in space exploration. Adequate protective measures must
be found to ensure the astronauts’ safety on their future journeys.
Figure 1.14 shows the different regions where all the solar disturbances
can effect our human society. It can impact the satellites and damage the
electronics and solar panels. It can effect the GPS systems and air lines,
the communications system and electrical grids. The “Halloween events” of
Oct/Nov 2003 are an example of these.
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Figure 1.15: An artistic view of solar wind and Earth’s magnetosphere. show-
ing how the solar wind rearranges the Earth’s magnetosphere. it is compress-
ing the magnetic field in the side facing sun and elongates the same in other
end.
1.3.1 Solar wind and space weather
The space between the Sun and its planets is filled by the solar wind, a
tenuous magnetized plasma, which is a mixture of ions and electrons flowing
away from the Sun. The Sun’s outer atmosphere is so hot that the Sun’s
gravity cannot prevent it from continuously flowing outward. The escaping
plasma carries the solar magnetic field along with it out to the border of the
heliosphere where its dominance finally ends.
The solar wind and the Interplanetary magnetic field (IMF) carried with it
are a key link between the solar atmosphere and the Earth system. Although
the energy transferred by the solar wind is extremely small compared to both
sunlight and those energies involved in Earth’s atmosphere, the solar wind is
capable of imparting small impulses to the Earth system, which eventually
may react in a highly non-linear way. There are indications of these effects
reaching down as far as the troposphere.
The solar wind rearranges the Earth’s magnetosphere. The dynamic pres-
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sure (of) and magnetic fields (carried by) the solar wind compresses the mag-
netic fields of Earth’s magnetosphere in the Sun facing side and stretches out
the magnetic fields to extend as far as the night side of Earth. An artis-
tic view of this is shown in the figure 1.15. Generally, the solar wind flow
is diverted around Earth by its magnetosphere which is maintained by the
Earth’s intrinsic magnetic field. Solar wind particles cannot enter into the
magnetosphere, unless there is magnetic reconnection between interplanetary
and planetary magnetic field lines. This may happen when the northward
pointing Earth field on the front of the magnetosphere is hit by solar wind,
which carry a southward pointing interplanetary magnetic field. In such
cases, significant geomagnetic disturbances of various kinds will be initiated.
1.3.2 CMEs and space weather
Earth-directed halo CMEs can cause major space weather disturbances. CMEs
with their enhanced magnetic fields can cause major deformations in Earth’s
magnetosphere. The famous Halloween events were associated with very fast
CMEs.
The study of terrestrial consequences of earthward-directed CMEs are
important for space weather predictions. Broadly this comprises
• identification of solar sources or origins, the coronal mass ejections.
• understanding the propagation of CMEs in the interplanetary medium.
• identifying the key interplanetary parameters such as solar wind ve-
locity, solar wind density, total interplanetary magnetic field and its
southward component.
• understanding the physical relationship of interplanetary parameters
with solar parameters
• understanding the relationship with the strength of geomagnetic storm
with the interplanetary parameters.
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• study the effect of geomagnetic storms and the interplanetary param-
eters on the navigations systems, satellite communications, etc.
Several attempts have been made to address these aspects. Even so, the
prediction schemes are not yet very reliable.
1.4 Summary
We have given a brief introduction to the fundamental physics and concepts
related to the Sun, CMEs and space weather. We started with an outline
of the structure of Sun and its various layers. Section §1.2 gives a basic in-
troduction about CMEs. Observations of CMEs are outlined in this section
starting from historical observations to current ground and space based ob-
servations. Physical properties of CMEs such as morphology, angular width,
frequency of occurence and CME mass & energy estimates are also outlined
in this section. A flavour of different initiation models and kinematic models
are also mentioned. An short introduction to space weather and its relation
with the solar wind and CMEs are included in section §1.3.
Chapter 2
Forbush decreases observed in
GRAPES-3
In this chapter we give an introduction to Forbush decreases, specifically as a
probe of the near-Earth structure of CMEs and their associated shocks. We
then briefly introduce the GRAPES-3 muon telescope at Ooty. Thereafter we
explain data analysis methods used to identify Forbush decreases in GRAPES-
3 data.
Cosmic rays are broadly defined as massive, energetic particles which
reach Earth from anywhere beyond its atmosphere. These cosmic rays carry
information on the composition of astrophysical sources in our immediate
neighbourhood as well as sources far away from our galaxy. They also pro-
vide information on acceleration processes operative therein. Low energy
cosmic rays can originate in the solar corona, as a result of transient erup-
tions, while high energy cosmic rays are typically of galactic origin (galactic
cosmic rays), from outside our solar system. Galactic cosmic rays provide
us with some of the few direct samples of matter from outside our solar sys-
tem. They are mostly atomic nuclei whose electrons have stripped out during
their passage through the galaxy at relativistic speeds. The galactic cosmic
rays are isotropic when detected at the earth because the intervening turbu-
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lent magnetic fields in our galaxy “scramble” the directions of these charged
particles. Shock waves driven by supernova explosions are believed to be
responsible for the acceleration of galactic cosmic rays . However, there are
several observations of very high energy cosmic rays (of the order of 1020 eV)
for which this explanation is inadequate. It is often conjectured that these
ultra-high energy cosmic rays could be coming from outside the galaxy, from
active galactic nuclei and/or gamma ray bursts. They could also represent
signatures of topological defects in the structure of the universe, or of exotic
mechanisms such as strongly interacting neutrinos.
The sun itself is a source of low-to-medium energy cosmic rays . Solar
activities such as flares and coronal mass ejections (CMEs), which occur
frequently during its active phase, accelerate nuclei and electrons to energies
ranging from 10-100 MeV. There are rare instances where solar cosmic rays
will reach energies as high as 10 GeV. The cosmic rays can be affected by
turbulent magnetic fields carried by the solar wind. It is well established
that the intensity of cosmic rays arriving at the Earth is anticorrelated with
the solar cycle (Figure 2.1).
2.1 Forbush decrease
Decreases in the intensity of cosmic ray which last typically for about a week,
were first observed by Forbush (1937, 1938) and Hess & Demmelmair (1937)
using ionisation chambers. The transient decrease in the observed galactic
cosmic ray intensity observed at the Earth are called Forbush decreases (FDs)
which are named after their discoverer.
These shorter term decreases in the cosmic ray intensity exhibit a sudden
decrease and a gradual recovery. Initially it was assumed that these variations
were produced, either directly or indirectly, by geomagnetic disturbances such
as perturbation of geomagnetic field during geomagnetic storms and these
variations were thought to be of terrestrial origin. It was in the early 1950s,
when work of Simpson using neutron monitors (Simpson, 1954) showed that
the origin of these FDs was in the interplanetary medium. They concluded
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Figure 2.1: Variation of cosmic ray intensity and monthly sunspot activity
since 1958. The red line shows the cosmic ray intensity and the blue line
shows the monthly sunspot activity. The cosmic ray intensity is in anticor-
relation with the sunspot activity. (image courtesy : www.climate4you.com)
that these variations are not related with the terrestrial activity but with solar
activity. FDs are generally correlated with co-rotating interaction regions
(CIRs) or with Earth-directed CMEs from the sun. In this chapter we give
a brief introduction to FDs. Comprehensive reviews of this can be found in
Cane (2000) and Lockwood (1971).
There are two broad types of FDs : the first one is ‘Recurrent decreases’
(Lockwood, 1971) which have a more gradual onset, and are more symmet-
ric in profile. These are well associated with corotating high speed solar
wind streams (e.g., Iucci et al. 1979a). The second types are ‘Non-recurrent
decreases’ which are caused by transient interplanetary events which are re-
lated to coronal mass ejections from the Sun. These have the characteristics
of a sudden onset, reach maximum depression within about a day and have a
more gradual recovery. Historically, all short term decreases have been called
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‘Forbush decreases’ . In this thesis we are using the term Forbush decrease
more selectively to apply to only those with a sudden onset and a gradual
recovery.
FDs are variously thought to be due to
• The CME-driven shock, which acts as a propagating diffusive barrier,
shielding cosmic rays. The cosmic ray flux behind the shock is lower in
comparison to that ahead of the shock. This is manifested as a FD as
the shock sweeps past the observer.
• The magnetic cloud; there is a deficit of high energy cosmic rays inside
the CME/ magnetic cloud (we will discuss this further in chapter 3).
The FD is a manifestation of the low-density cavity (magnetic cloud)
engulfing the earth.
• There are "Two-step" FDs in which the first step is due to the shock
(propagating diffusive barrier) and the second step due to near-earth
CME/magnetic cloud.
Figure 2.2 is an example of a classic FD . This event was observed using
the GRAPES-3 muon telescope. The graph shows the percentage deviation
of the cosmic rays from an average cosmic ray intensity which is passed
through a low-pass filter to eliminate the fluctuations having frequency more
than 1/day. The details of the filter will be discussed later in this chapter.
The average value is calculated using a suitable 28 day period; for this event
it is from 20 October to 16 November 2003.
Figure 2.3 (adapted from Cane, 2000) illustrates the large scale structure
of the CME (often called “ejecta”) and its associated shock and how the
cosmic ray response is related to the path through the CME shock system.
If an observer encounters the shock and its associated ejecta as shown in path
A, a two-step FD is observed. A less energetic ejecta which does not create
a shock will cause only a short-duration one component/step decrease as it
passes by. Since shocks have a greater longitudinal extent than ejecta, there
is a a possibility of intercepting the shock but not the ejecta as shown by
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Figure 2.2: FD observed in GRAPES-3 on 29 October 2003, This FD was
associated with the Halloween events in 2003. The ‘X’ axis in the time in
days starting from the date 1 October 2003 and the percentage deviation
of the cosmic ray intensity from the pre-event background is plotted on the
‘Y’-axis.
path B. In this case, only the effect due to the shock is evident. The relative
contribution of CME and shock for causing a FD is a matter of debate in the
scientific community. We will be addressing this problem in Chapter 3.
Very energetic CMEs create shocks which are strong enough to cause
significant cosmic ray decreases for observers who detect the shocks beyond
the azimuthal extent of the CMEs. In such cases the shocks will also produce
major solar energetic particle increases with profiles characteristic of events
(Cane et al., 1988). These solar energetic particles allow one to be sure that
the cosmic ray decrease was caused by a CME-driven shock and not by a
co-rotating stream.
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Figure 2.3: Adapted from Cane (2000). The large-scale structure of a fast
ejecta and associated shock. The upstream solar wind is draped around the
ejecta and heated and compressed at the front of the ejecta. Two paths
through the ensemble are indicated with differing resultant cosmic ray pro-
files. The time of shock passage is indicated by a vertical line marked S and
the start and end times of ejecta passage are marked T1 and T2. Only if the
ejecta is intercepted is a two-step decrease be observed.
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2.1.1 Observations of FDs
It was Forbush (1937, 1938) who first identified the sudden decrease in the
intensity of ionization chambers located at Earth, a day or two after large
solar flares and almost simultaneously with large geomagnetic storms. Fan,
Meyer,& Simpson (1960a,b) made the first experimental observation using
the cosmic ray detector carried by the Explorer vi satellite, which clearly
showed that these decreases took place at large distances from Earth. FDs
were studied using data from the satellite based, balloon-borne and ground
based cosmic ray detectors. Currently FDs are extensively studied using
neutron monitors and muon detectors. In this thesis we use data from the
GRAPES-3 muon telescope, which is described in section §2.2.
2.1.2 FD magnitude
In general the cosmic ray intensity is represented as a percentage variation
from an average value. The magnitude of FD is the difference between the
pre-event intensity of cosmic rays and the intensity at the minimum. The
largest FDs observed in neutron monitors have magnitudes of 10-25 %. The
FD magnitudes reported by different neutron monitors may vary because of
the anisotropies present in neutron monitor data. The magnitude will be
smaller if daily averages are used rather than hourly averages. FD magni-
tudes are typically higher for lower rigidities. Lockwood, Webber & Jokipii
(1986) and Cane, Richardson & von Rosenvinge (1993) found that the ra-
tio of FD magnitudes found by IMP 8 (median rigidity ∼ 2GV ) relative to
Mt.Wellington/Mt. Washington (median rigidity ∼ 8GV ) was about 2 for
those events in which there were no accelerated particles.
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2.1.3 Rigidity dependence
The rigidity of a high energy proton is its momentum per unit charge; it may
be represented as
Rg(volts) = Pc
Ze
= 300B(gauss)RL(cm) (2.1)
where P is the proton momentum, c the speed of light, Z the charge state (=
1 for a proton), e the charge of an electron, B the magnetic field in Gauss,
and RL the proton gyro-radius in cm.
The rigidity dependence of the magnitude of FDs is approximately equal
to Rg−γ where γ ranges from about 0.4-1.2 (Cane, 2000). A number of
researchers have examined whether the rigidity dependence of FDs varies
with the Sun’s polarity. All these groups have concluded that the rigidity
dependence does not vary with the polarity of the Sun’s magnetic field (see,
e.g., Morishita et al., 1990). Kojima et al. (2013) found that for neutron
monitors of median rigidity 10.0∼31.6 GV the power law index γ of rigidity
dependence is 0.65±0.05, where as for the muon telescopes of median rigidity
64.4∼92.0 GV the power law index is 1.26± 0.08.
2.1.4 Recovery characteristics
The cosmic ray intensity typically recovers gradually in the FD profile. For
FDs with relatively clean profiles, the recovery can be exponential with an
average recovery time of ∼5 days but ranging from ∼3 to ∼10 days (Lock-
wood, Webber & Jokipii, 1986). The recovery time of a FD is dependent on
the longitude of the solar source region (Barnden, 1973; Iucci et al., 1979b;
Cane et al., 1994). Lockwood, Webber & Jokipii (1986) found that the re-
covery time was independent of rigidity and there is no dependence on solar
polarity or time in the solar cycle. Kumar & Badruddin (2014) state that
the characteristic recovery time of galactic cosmic ray depression increases
with galactic cosmic ray effectiveness; it is larger for shock- associated CMEs
as compared to those not associated with shocks.
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2.1.5 FD and CR anisotropies
Anisotropies are often observed preceding and during the FDs. FDs dis-
play anisotropies both in, and perpendicular to, the ecliptic plane. These
anisotropies are related to the structure of the associated solar wind. Anisotropies
are mostly observed near shock passage and inside ejecta (Cane, 2000). Al-
though the anisotropy of CR changes by magnitude and direction during
the FD, the fastest variations typically occur near the interplanetary shock
and close to the FD minimum (Belov, 2009). Details of the structure of
the interplanetary disturbance are reflected by the cosmic ray anisotropy.
In particular, the boundaries of magnetic cloud are normally clearly seen
in the behaviour of the anisotropy (Belov, 2009). There are also periods of
enhanced diurnal waves during the recovery of FDs. For a summary of early
work see Duggal & Pomerantz (1978).
2.1.6 FD precursors
Many FDs are associated with precursors. Anomalies in the cosmic ray
intensity distribution such as pre-increases or pre-decreases along with the
anisotropy are often observed. Precursor increases can be due to reflection of
particles from the shock or acceleration at the shock. The Precursor decreases
are due to the collimated outflow of the low-density cosmic rays across the
shock from the inside of FD (Nagashima et al., 1992). The collimation of
the flow is due to the bottle-neck nature of the interplanetary magnetic field
infront of the shock. Munakata et al. (2000) showed that FD precursors
can be observed prior to the geomagnetic disturbances. These changes are
observed from one to 24 hours before the arrival of the shock (Papailiou et al.,
2012) and can be used to forecast the intensity of the impending geomagnetic
storms.
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2.1.7 Solar associations
Large FDs are caused by fast CMEs and interplanetary shocks associated
with them, which can be associated with specific solar flares. Duggal &
Pomerantz (1977) suggested that flares could not be the causes of FDs based
on a superposed epoch analysis between flares and cosmic ray variations.
Cane, Richardson & von Rosenvinge (1996) studied FDs with magnitude ≥
4% and determined which are flare related based on the presence of associated
energetic particle events. The flare-associated FDs are in general caused by
more energetic CMEs.
FDs are generally associated with fast CMEs. Belov et al. (2014) found
that the mean speed for FD associated CMEs is (727±24) kms−1, compared
with (402 ± 2) kms−1, for the general population. The average speed of
CMEs, which are associated with FDs is close to that of CMEs associated
with magnetic clouds (Gopalswamy et al., 2010).
FDs are caused by the Earth-directed halo or partial halo CMEs. Belov
et al. (2014) found that the mean width of FD associated CMEs is 220± 6◦ ,
compared with 58± 1◦ for the general population. The wider the CME, the
higher the possibility of FD occurrence.
2.1.8 Associations with interplanetary disturbances
Faster the propagation of interplanetary disturbance and stronger its mag-
netic field the stronger will be the FD and faster will be decrease of CR
density. Belov (2009) states that the magnitude of FD is proportional to the
the product of solar wind velocity and its magnetic field. Belov et al. (2001)
calculated the correlation of FD magnitude with the quantity VmaxHmax,
where Vmax is the ratio of maximum solar wind speed to the average ambient
solar wind speed (400 kms−1) and Hmax is the ratio of maximum magnetic
field strength to ambient magnetic field strength (5nT ). They found a cor-
relation of 70 % between the FD magnitude and VmaxHmax, where as the
correlation of FD magnitude with Hmax is 66 % and with Vmax is 22 %. For
the powerful disturbances (VmaxHmax ≥ 8.4) the correlation was 99 %.
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Dumbović et al. (2012) studied the correlation of FD parameters (FD
magnitude |FD|, duration of FD tFD ) with the solar wind parameters (am-
plitude of magnetic field enhancement B, amplitude of the magnetic field
fluctuations δB, maximum solar wind speed associated with the disturbance
v, duration of the disturbance tB). They have also used products of these
parameters such as BtB as the proxy for the time integral of the IMF per-
turbation, the Bv product as the proxy for maximum (convective) electric
field, BvtB as the proxy for the magnetic flux (per unit-width of the distur-
bance cross-section), and |FD|tFD as a measure of the total amount of CRs
reduced by the passage of the disturbance. They found a correlation with
the FD parameters with the solar wind parameters for the ICME associated
events, where as there was a lack of correlation for the CIR associated events.
Similarly, they found good correlation for the shock associated events and no
correlation for events lacking shocks.
2.1.9 FDs and cosmic ray diffusion
It is well known that charged particles cannot freely move “across” magnetic
field lines. A typical charged particle is caught by a magnetic field line in a
circular trajectory, whose radius (called the gyroradius or Larmor radius) is
directly proportional to the speed of the particle and inversely proportional
to the strength of the magnetic field. The CME is composed of coronal
plasma and structured magnetic fields and the CME-driven shock compresses
plasma ahead of it. The magnetic field has an ordered, as well as a turbulent
component. Cosmic rays generally diffuse through the tangled, turbulent
magnetic field; this diffusion process is inhibited in the vicinity of the CME
and shock, which has a strong ordered magnetic field component. It is the
inability of the cosmic ray particles to diffuse efficiently across the magnetic
field structures that causes the observed FD.
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2.2 GRAPES-3
The GRAPES-3 (Gamma Ray Astronomy at PeV EnergieS- phase 3) exper-
iment is located at Ooty (11.4◦ N latitude, 76.7◦ E longitude, and 2200 m
altitude), a popular mountain resort town in southern India. The GRAPES-
3 is a high density extensive air shower (EAS) array designed for precision
study of the cosmic ray (CR) energy spectrum and its nuclear composition
using the muon multiplicity distribution (MMD) in the energy range from
3× 1013 eV to 3× 1016 eV . The GRAPES-3 air shower experiment has been
designed to have one of the most compact configurations of the conventional
type arrays with a separation of only 8 m between the adjacent detectors
which are deployed in a symmetric hexagonal geometry. A schematic layout
of the GRAPES-3 array is shown in figure 2.4. Observations were started
in early 2000 with 217 detectors, located within the inner 8 rings which are
shown as filled circles in figure 2.4. The array also contains a large area (560
m2) tracking muon telescope to measure the muon component and obtain
the MMD of the EAS.
A very large-area tracking muon telescope operating is a part of the
GRAPES-3 experiment (Gupta et al., 2005; Hayashi et al., 2005). It is capa-
ble of providing a high-statistics, directional study of muons. The GRAPES-3
muon telescope covers an area of 560 m2, consisting of a total 16 modules,
each 35m2 in area. The square boxes in the Fig 2.4 represents these modules,
which are located close to each other as shown in the figure. A cluster of four
neighbouring modules of 35 m2 area, located inside a common hall, consti-
tutes one supermodule with a total area of 140 m2. The energy threshold of
the telescope is 1 GeV for the muons, which are arriving along the vertical
direction. The cut-off rigidity due to the magnetic field of the Earth at Ooty
is 17GV in the vertical direction and across the field of view of the telescope
in different directions the cut-off rigidity varies from 12 to 42GV as shown in
figure 2.7.
A rugged proportional counter (PRC) is the basic detector element of the
GRAPES-3 muon telescope. This PRC is a 600 cm long mild steel square
pipe with a square cross-sectional area of 10 cm×10 cm, and a wall thickness
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Figure 2.4: (Adapted from Nonaka et al., 2006) A schematic layout for the
721 detector (open circles) GRAPES-3 shower array of which 217 detectors
(filled circles) used at present are shown. Each of the 16 squares represents
a 35m2 area muon tracking detector with Eµ ≥ 1 GeV.
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Figure 2.5: (Adapted from Subramanian et al., 2009) A schematic display of
the 4-layer tracking muon telescope module with 58 PRCs per layer. The four
layers of the PRCs labelled Layer-0, Layer-1, etc. are embedded in concrete
blocks. Inclined lines represent a set of parallel muon tracks.
Figure 2.6: (Adapted from Hayashi et al., 2005) Schematic of a muon detector
module showing 4 layers of proportional counters embedded within concrete
blocks.
of 2.3mm. A muon telescope module with a sensitive area of 35 m2 consists
of a total of 232 PRCs arranged in four layers, each layer is of 58 PRCs.
The alternate layers are placed in orthogonal directions. Two successive
layers of the PRCs are separated by a 15 cm thick concrete layer, consisting
of 60 × 60 × 15 cm3 blocks as shown in figure 2.5. The four-layer PRC
configuration of the muon modules allows a 3-D reconstruction of the muon
track direction to an accuracy of ∼ 6◦. The accuracy gradually increases
with increasing zenith angle due to the greater separation of the triggered
PRCs.
To achieve the 1 GeV energy threshold for vertical muons, an absorber
of total thickness ∼ 550 g cm−2 in the form of concrete blocks is employed.
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Figure 2.7: (Adapted from Subramanian et al., 2009) The 9 coarse solid-
angle bins are shown along with the contours of constant geomagnetic cut-off
rigidity in the field of view (FOV). Cut-off rigidity varies from 12 to 42 GV
in the FOV of GRAPES-3 .
This is achieved by placing 15 layers of concrete blocks above Layer-1, as
shown schematically in figure 2.5 and 2.6. The robust structure of PRCs
permits it to support the huge load of 2.4 m thick of concrete absorber in
a self-supporting manner. The concrete blocks are arranged in the shape of
an inverted pyramid to shield the PRCs, with coverage up to 45◦ around the
vertical direction for the incident muons. The threshold energy for muons
arriving other than vertical direction will increase depend up on their incident
angel. The threshold energy changes to secθ GeV (1GeV
cosθ
) for the muons
incident at a zenith angle of θ. The cross section of a muon telescope module
is shown schematically in figure 2.5. A cluster of four such modules, which
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are separated by a horizontal distance of 130 cm at the base constitutes
one supermodule. The GRAPES-3 muon telescope contains a total of four
supermodules (Hayashi et al., 2005). A cross-section of a supermodule is
shown in figure 2.6.
The top 7 layers of the concrete blocks are shared as an absorber by all
four modules in a super-module. Therefore, the absorber above the 10th layer
from the base, is essentially a full-size layer, which cover all four modules
(Hayashi et al., 2005) as seen in figure 2.6. Finally, a 30 cm thick and
18m × 18m concrete slab was cast as the top layer of the absorber in order
to make it weather-proof. Similarly at the bottom, a single 30 cm thick,
16m × 16m concrete block cast on the ground, serves as the floor for the
super-module. This has been done to uniformly distribute the 1200t load of
the absorber to the soil below.
The PRC absorber assembly of each super-module has been enclosed
within a large hall. The hall is provided with suitable doors and windows
for access and illumination, and to control the humidity for safe operation
of the PRCs. Two heavy duty de-humidifiers are operated round the clock,
inside each of the four halls to maintain a low level of humidity (< 50%) , in
view of nearly eight month long rainy season at Ooty.
The PRCs are sensitive to the low-energy γ rays from the radioactivity
present in the concrete absorber. Because of this individual PRCs display
sizable counting rates of ∼ 200Hz. When any one of the 58 PRCs produces
a signal an output will be generated. A logical ‘OR’ of outputs from all
58 PRCs in a layer is generated, after suitable amplification and shaping
to form the layer OR output. A coincidence of the four OR outputs from
the four layers in a module is used to generate the 4-layer trigger. Despite
the high counting rates of the individual PRCs due to the radioactivity that
is present in the surrounding absorber, the 4-layer coincidence triggers are
relatively free from this background and it is caused only by the passage of
a muon. The observed 4-layer muon counting rate of ∼ 3200Hz per module
yields a total counting rate ∼ 3 × 106min−1 for all 16 modules. This high
rate permits detection of small changes of ≤ 0.1 % in the muon flux over
a time-scale of ∼ 5 min, after application of appropriate correction to the
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variation in the atmospheric pressure with time (Subramanian et al., 2009;
Nonaka et al., 2006).
Most of the detected muons are generated by galactic cosmic rays of en-
ergy & 20 GeV and form a stable and dominant background to the variation
in their flux produced by the CME /solar flare. The muon data is grouped
online every 10 sec, into solid angle bins of ∼ 0.05 sr, consistent with the
angular resolution of the muon telescope as described in section §2.3. These
observations can be used to probe the effect of the Sun on cosmic rays , since
> 1 GeV muons are secondaries produced by the primary protons of energy
& 20 GeV in the atmosphere.
2.3 Data Analysis
The direction of muons is recorded into 225 solid-angle bins in all four super-
modules of the muon telescope. A dedicated direction-sensitive trigger with
an independent data acquisition system for each of the four supermodules
is used to get the 225 solid-angle map of muon directions. The muon angle
is determined for each PRC in the lower layer and binned into 15 angular
bins based on the specific location of the PRC triggered in the upper layer
from among the 15 PRCs , one directly above (central PRC) and 7 each on
either side of the central PRC (see figure 2.8). This angular binning is carried
out in each of the two orthogonal projections (XZ and YZ; Z is the vertical
direction). This generates a 2-dimensional 15 × 15 = 225 solid-angle map
of muon directions. The contents of the 225 solid-angle bins are recorded,
once every 10 sec, which provide a continuous monitoring of the directional
flux of muons in the sky.
The muon rate variations can be studied in any of the 225 solid-angle
bins. It is expected that the influence of a solar flare and/or CME would be
spread over several bins. This directional spread can be due to the influence
of the terrestrial, solar, and interplanetary magnetic fields, etc. Because
of this directional spreading the detected muons have been regrouped into
3 × 3 = 9 coarse solid-angle bins, as shown schematically in figure 2.9. In
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Figure 2.8: (Adapted from Subramanian et al., 2009) A schematic view of
muon arrival angle selection based on the PRC triggered in the lower and 15
PRCs in the upper layer. The triggered PRCs are shown as filled squares.
this regrouping we eliminated the outer bins hence a total of 169 out of 225 is
used, in the figure 2.9 the white bins show the chosen 169 bins and the pink
ones are the excluded. This regrouping of the data was done by combining
either a set of 3 × 5 or 5 × 5 fine solid-angle bins. The exception being the
vertical direction where 3 × 3 bins have been combined. The muon flux is
comparatively larger for the near central directions (N, E, W, S) than for the
outer directions (NE, SE, NW, SW). The choice of angular segmentation was
dictated by this fact. This choice results in a relatively uniform solid-angle
coverage for the nine coarse bins. The solid-angle of acceptance includes
only 13 × 13 = 169 out of 225 total bins. This eventually restricts the
maximum zenith angle to 50◦. For the PRCs at the outer edge this zenith
angle exceeds the shielding coverage of 45◦, but such events constitute <1%
of the data. This regrouping also results in muon statistics for various bins
that are almost similar.
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Figure 2.9: (Adapted from Subramanian et al., 2009) A schematic of the nine
muon arrival direction bins; 3 × 3 vertical bin V, and four 3 × 5 central bins
N, E, W, S, and four 5 × 5 outer bins NE, SE, SW, NW.
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The energies of interest here are & 20GeV . At these energies the propa-
gation of charged particles near the Earth (< 20 RE, where RE is the radius
of the Earth) is strongly influenced by the geomagnetic field. The access by a
charged particle to a given geographical location depends on its rigidity, the
momentum per unit charge of the particle. The threshold value of the rigid-
ity is termed “geomagnetic cut-off rigidity ". This cut-off rigidity depends
on the geographical location on the Earth and the direction of the arriving
particle. The geomagnetic cut-off rigidity can be calculated using a detailed
model of the geomagnetic field (Cooke et al., 1991). The geomagnetic cut-
off rigidity for the field of view (FOV) of the GRAPES-3 muon telescope
varies significantly for the nine coarse, solid-angle bins. We used the Inter-
national Geomagnetic Reference Field 2000 (IGRF2000) geomagnetic field
model (Mandea & MacMillan, 2000) in order to calculate the cut-off rigidity
for the centre of each of the 169 fine solid-angle bins, which constitute the 9
elements of the FOV. Subsequently, a weighted mean of the cut-off rigidities
of the fine bins (which constitute a coarse bin) is calculated for each of the 9
coarse bins. These weights are the muon counting rates for a given fine bin.
It need to be emphasised here that the knowledge of the geomagnetic field
at any particular moment in time is imperfect. It is virtually impossible to
determine the cut-off to a high degree of accuracy. Even though the calcu-
lated values of the geomagnetic cut-off represent a very useful approximation
to the true values at the time of the observations. In figure 2.7 the contours
of constant geomagnetic cut-off rigidity in the FOV are superimposed over
a schematic of the 9 solid-angle bins of muon arrival directions. Within the
FOV of the GRAPES-3 tracking muon telescope , the geomagnetic cut-off
rigidity varies from 12 GV in the west to 42 GV in the east
For the studies we carried out in this thesis, we used the GRAPES-3 data
summed over a time interval of one hour for each of the nine bins. These
bins are identified as NW, N, NE, W, V, E, SW, S, and SE. The calculated
mean cut-off rigidities for these nine bins are listed in the table 2.1, and
depicted in figure 2.7. The summing over an interval of 1 hour improves the
signal-to-noise ratio. The diurnal variations in the muon flux are present
even after this summing over an interval of 1 hour. We adapted a low-pass
filter, removing all frequencies higher than 1 day−1 in order to filter out
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Figure 2.10: (Adapted from Subramanian et al., 2009) The power spectrum
of 28 day data covering the period from 26March to 22 April 2001. The
solid lines show the results for all 9 directions used in the study while the
dashed line shows the function that is used for filtering out the high-frequency
components. The Fourier transform is multiplied by this function before
taking the inverse Fourier transform to get filtered time series.
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Table 2.1: Mean cut-off rigidities of GRAPES-3 muon telescope for different
bins are shown here.
Bin Cut-off Rigidity (GV)
NE 24.0
N 18.7
NW 15.7
E 22.4
V 17.2
W 14.3
SE 22.4
S 17.6
SW 14.4
the oscillations due to diurnal variations. In figure 2.10 we show the Fourier
transform of the data covering a period of 28 days that includes the FD event
of 2001 April 11. The peaks corresponding to diurnal variation and its first
harmonic are visible. To remove the high-frequency components, the Fourier
transform is multiplied by the function shown by a dashed line in figure 2.10.
This filter is found to be effective in removing high-frequency oscillations,
such as the diurnal variations and their harmonics. The FD events are also
clearly identifiable in the filtered data.
It may be noted that the smoothing may tend to change the amplitude
of the decrease and possibly shift the onset time for the FD by a few hours
in some cases. However, it is often difficult to determine whether these
differences are artifacts of smoothing or the unfiltered data showed a different
amplitude because a diurnal oscillation happened to have the right phase, so
as to enhance or reduce the amplitude of the FD . Some fluctuations in the
muon flux could be due to FD and associated events. It is unlikely that
these will be periodic in nature, and are not likely to be affected by the filter.
The differences in amplitude caused by filter are not substantial, and are
therefore unlikely to affect our results significantly. Thus in our work, we use
the filtered data to study the characteristics of FD events.
An example of a FD observed by GRAPES-3 on 2001 April 11 is shown
in the figure 2.11, the unfiltered data (dotted red line) are also shown in
figure along with the filtered data (solid black line ) for direct comparison.
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Figure 2.11: FD event observed by GRAPES 3 on 2001 April 11. The nine
panels shows the nine different bin of the muon telescope. The X axis shows
the time in days starting from 2001 March 1, and Y axis shows the percentage
deviation of the cosmic ray intensity. The black line shows the filtered data
after using the low pass filter explained in the section 2.3 and the red dotted
line shows the unfiltered data.
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We repeated the calculations using both filtered and unfiltered data and
find that the final results are not significantly different. There can also be
anisotropies intrinsic to the CME /magnetic cloud itself. These anisotropies
can be arising from a B ×∇N drift, where B is the interplanetary magnetic
field and∇N denotes the cosmic-ray density gradient inside the CME (Bieber
& Evenson, 1998; Munakata et al., 2003, 2005; Kuwabara et al., 2004). Such
anisotropies can potentially be “mixed" with the diurnal anisotropy, and it
is possible that there will still be some residual anisotropy even after the
filter is applied. This is the case with one of the weaker events that we have
studied in the chapter 3; namely 2003 November 20.
2.4 Summary
We have provided a short introduction to FDs in the section §2.1. Charac-
teristics such as the magnitude of FDs, their rigidity dependence, recovery
characteristics, FD and CR anisotropies, Fd precursors, Solar associations
and association with interplanetary magnetic fields are explained in this sec-
tion.
A brief introduction to the GRAPES-3 muon telescope is given in sec-
tion §2.2. The Data analysis methods used in order to identify the FDs in
GRAPES-3 data are mentioned in section §2.3.
Chapter 3
Forbush decrease models
The relative contributions of shocks and coronal mass ejections (CMEs) in
causing FDs is a matter of debate. In this chapter we identify the major
contributor in causing FDs. We use multirigidity data from GRAPES-3 to
check the validity of two models: i) the CME-only cumulative diffusion model,
where we assume that the entire FD is caused only by the CME, ii) the
Shock-only model, where we assume the FD is caused only by the propagating
diffusive barrier i.e, the shock.
3.1 Introduction
Short-term decreases in the intensity of the galactic cosmic rays at the Earth
are called Forbush decreases . They are typically caused by the effects of
interplanetary counterparts of coronal mass ejections (CMEs) from the Sun,
and also by corotating interaction regions (CIRs) between the fast and slow
solar wind streams from the Sun. In this chapter we concentrate on CME
driven Forbush decreases. The near-Earth manifestations of CMEs from the
Sun typically have two major components: the interplanetary counterpart of
the CME, commonly called an ICME, and the shock which propagates ahead
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of the CME.
The relative contributions of shocks and ICMEs in causing Forbush de-
creases is a matter of debate. For instance, Zhang & Burlaga (1988); Lock-
wood, Webber, & Debrunner (1991); Reames, Kahler, & Tylka (2009) argue
against the contribution of magnetic clouds to Forbush decreases . On the
other hand, other studies (e.g., Badruddin, Yadav, & Yadav, 1986; Sander-
son et al., 1990; Kuwabara et al., 2009) concluded that magnetic clouds can
make an important contribution to FDs. There have been recent conclusive
associations of Forbush decreases with Earth-directed CMEs (Blanco et al.,
2013; Oh & Yi, 2012). Cane (2000) introduced the concept of a “2-step” FD,
where the first step of the decrease is due to the shock and the second one is
due to the ICME. Based on an extensive study of ICME-associated Forbush
decreases at cosmic ray energies between 0.5 – 450 MeV, Richardson & Cane
(2011) conclude that shock and ICME effects are equally responsible for the
Forbush decrease . They also find that ICMEs that can be classified as mag-
netic clouds are usually involved in the largest of the Forbush decreases they
studied. From now on, we will use the term “CME” to denote the CME near
the Sun, as well as its counterpart observed at the Earth.
In this chapter we have used Forbush decrease data from GRAPES-3
muon telescope located at Ooty (11.4◦ N latitude, 76.7◦ E longitude, and
2200 m altitude) in southern India. The GRAPES-3 muon telescope records
the flux of muons in nine independent directions (labelled NW, N, NE, W, V,
E, SW, S and SE), and the geomagnetic cut-off rigidity over this field of view
varies from 12 to 42 GV. The details of this telescope are already discussed
in chapter 2. The GRAPES-3 telescope observes the cosmic ray muon flux in
nine different directions with varying cut-off rigidities simultaneously. The
high muon counting rate measured by the GRAPES-3 telescope results in
extremely small statistical errors, allowing small changes in the intensity
of the cosmic ray flux to be measured with high precision. Thus a small
drop (∼0.2%) in the cosmic ray flux during a Forbush decrease event can
be reliably detected. This is possible even in the presence of the diurnal
anisotropy of much larger magnitude (∼1.0%), through the filtering technique
described in chapter 2.
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Figure 3.1: A schematic of the CME-shock system. The CME is modelled as
a flux rope structure. The undulating lines ahead of the shock denote MHD
turbulence driven by the shock, while those in the CME sheath region denote
turbulence in that region.
A schematic of the CME, which is assumed to have a flux-rope geometry
(Vourlidas et al., 2013) together with the shock it drives, is shown in fig-
ure 3.1. The shock drives turbulence ahead of it, and there is also turbulence
in the CME sheath region (e.g., Manoharan et al., 2000; Richardson & Cane,
2011).
Instead of treating the entire system shown in figure 3.1, which would
be rather involved, we consider two separate models. The first, that we call
the “CME-only” model, is one where the Forbush decrease is assumed to be
exclusively due to the CME, which is progressively populated by high energy
cosmic rays as it propagates from the Sun to the Earth (Figure 3.3). The
preliminary idea behind this model was first sketched by Cane, Richardson,
& Wibberenz (1995) and developed in detail in Subramanian et al. (2009).
The work described here addresses multi-rigidity data, which is a major im-
provement over Subramanian et al. (2009). We will describe several other
salient improvements in the CME-only model in subsequent sections. The
second model, which we call the “shock-only” model, is one where the For-
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bush decrease is assumed to arise only due to a propagating diffusive barrier,
which is the shock driven by the CME (e.g., Wibberenz et al., 1998). The
diffusive barrier acts as a shield for the galactic cosmic ray flux, resulting in a
lower cosmic ray density behind it. In treating these two models separately,
we aim to identify which is the dominant contributor to the observed Forbush
decrease ; the CME, or the shock.
We identify Forbush decreases in the GRAPES-3 data that can be associ-
ated with both near-Earth magnetic clouds and shocks driven by them. We
describe our event short-listing criteria in the next section §3.2. We then test
the extent to which each of the models (the CME-only and the shock-only
model) satisfies the multi-rigidity Forbush decrease data from the GRAPES-
3 muon telescope. In the subsequent analysis we use the cut-off rather than
the median rigidity for the following reason. The cut-off rigidity in a given
direction represents the threshold rigidity of incoming cosmic rays and the
magnitude of Forbush decrease is a sensitive function of it. On the other
hand the median rigidity is comparatively insensitive to the magnitude of
the Forbush decrease .
3.2 Event short-listing criteria
In our study we short list the Forbush decrease events based on characteristics
of the Forbush decrease, magnetic clouds, and CMEs. These short-listing
criteria are described in the following subsections: §3.2.1, 3.2.2 and 3.2.3.
3.2.1 First short-list: characteristics of the Forbush
decrease
We have examined all Forbush decrease events observed by the GRAPES-3
muon telescope from 2001 to 2004. We then short-listed events that possess
a relatively ‘clean’ profile comprising a sudden decrease followed by a gradual
exponential recovery and having magnitudes > 0.25 %. While the figure of
0.25 % might seem rather small by neutron monitor standards, we emphasize
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that the largest events observed with GRAPES-3 have magnitudes of ∼ 1 %.
This list, which contains 80 events, is called short-list 1. The events in short-
list 1 are listed in table 3.1
Table 3.1: Forbush decrease event short listed by FD profile and magnitude
Event Magnitude(Ver %) FD onset FD minimum
13 Jan 2001 0.2946 13 Jan 2001, 01:00 13 Jan 2001, 22:00
3 Mar 2001 0.8967 3 Mar 2001, 04:00 5 Mar 2001, 23:00
26 Mar 2001 1.1520 26 Mar 2001, 01:00 28 Mar 2001, 01:00
4 Apr 2001 1.1793 4 Apr 2001, 05:00 5 Apr 2001, 04:00
7 Apr 2001 1.4009 7 Apr 2001, 08:00 8 Apr 2001, 22:00
11 Apr 2001 2.8630 11 Apr 2001, 09:00 12 Apr 2001, 18:00
27 Apr 2001 1.8250 27 Apr 2001, 21:00 29 Apr 2001, 02:00
27 May 2001 0.7825 27 May 2001, 06:00 28 May 2001, 03:00
1 Jun 2001 0.6630 1 Jun 2001, 19:00 2 Jun 2001, 20:00
6 Jun 2001 0.5928 6 Jun 2001, 09:00 10 Jun 2001, 12:00
1 Aug 2001 0.8595 31 Jul 2001, 01:00 3 Aug 2001, 07:00
13 Aug 2001 0.9220 13 Aug 2001, 03:00 14 Aug 2001, 04:00
17 Aug 2001 1.0296 16 Aug 2001, 19:00 18 Aug 2001, 05:00
26 Aug 2001 2.0680 26 Aug 2001, 01:00 28 Aug 2001, 23:00
6 Sep 2001 0.2977 6 Sep 2001, 12:00 7 Sep 2001, 21:00
12 Sep 2001 0.7478 12 Sep 2001, 00:00 14 Sep 2001, 08:00
25 Sep 2001 2.4309 23 Sep 2001, 06:00 26 Sep 2001, 08:00
29 Sep 2001 2.4385 25 Sep 2001, 05:00 31 Sep 2001, 01:00
11 Oct 2001 1.3550 11 Oct 2001, 07:00 12 Oct 2001, 09:00
27 Oct 2001 0.4828 27 Oct 2001, 11:00 28 Oct 2001, 13:00
5 Nov 2001 2.7122 5 Nov 2001, 21:00 6 Nov 2001, 21:00
24 Nov 2001 1.5612 24 Nov 2001, 02:00 25 Nov 2001, 15:00
3 Dec2001 1.6951 2 Dec 2001, 21:00 4 Dec 2001, 17:00
14 Dec2001 1.7215 14 Dec 2001, 22:00 16 Dec 2001, 22:00
30 Dec2001 2.9233 8 Dec 2001, 01:00 1 Jan 2002, 00:00
10 Jan 2002 1.1771 10 Jan 2002, 05 11 Jan 2002, 10:00
27 Jan 2002 1.1685 24 Jan 2002, 14:00 30 Jan 2002, 00:00
4 Mar 2002 0.7605 4 Mar 2002, 01:00 5 Mar 2002, 01:00
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Table 3.1: Continuation of FD events short listed by FD profile and magni-
tude
Event Magnitude(Ver %) FD onset FD minimum
23 May 2002 0.9313 23 May 2002, 02:00 23 May 2002, 23:00
2 Jun 2002 0.5591 2 Jun 2002, 7:00 4 Jun 2002, 03:00
17 Jun 2002 0.4833 17 Jun 2002, 00:00 19 Jun 2002, 21:00
17 Jul 2002 1.9567 17 Jul 2002, 07:00 20 Jul 2002, 02:00
22 Aug 2002 1.3254 21 Aug 2002, 23:00 28 Aug 2002, 14:00
7 Sep 2002 0.9708 7 Sep 2002, 14:00 8 Sep 2002, 13:00
23 Sep 2002 0.5684 20 Sep 2002, 01:00 23 Sep 2002, 22:00
30 Sep 2002 0.9725 30 Sep 2002, 10:00 31 Sep 2002, 08:00
16 Oct 2002 1.4910 14 Oct 2002, 15:00 20 Oct 2002, 22:00:00
10 Nov 2002 1.8191 10 Nov 2002, 00:00 12 Nov 2002, 12:00
17 Nov 2002 1.8464 16 Nov 2002, 23:00 18 Nov 2002, 06:00
26 Nov 2002 0.5862 26 Nov 2002, 07:00 27 Nov 2002, 22:00
22 Dec2002 1.1280 21 Dec 2002, 23:00 23 Dec 2002, 05:00
9 Jan 2003 0.7571 9 Jan 2003, 00:00 10 Jan 2003, 17:00
12 Jan 2003 0.5653 12 Jan 2003, 20:00 14 Jan 2003, 20:00
23 Jan 2003 0.6375 23 Jan 2003, 03:00 24 Jan 2003, 8:00
30 Jan 2003 0.6397 30 Jan 2003, 01:00 30 Jan 2003, 22:00
12 Feb 2003 0.5556 12 Feb 2003, 20:00 13 Feb 2003, 17:00
16 Feb 2003 0.7803 16 Feb 2003, 04:00 18 Feb 2003, 10:00
26 Mar 2003 1.2412 26 Mar 2003, 16:00 31 Mar 2003, 06:00
8 Apr 2003 0.8365 7 Apr 2003, 15:00 11 Apr 2003, 01:00
4 May 2003 0.4216 4 May 2003, 10:00 6 May 2003, 01:00
18 May 2003 0.6927 18 May 2003, 16:00 22 May 2003, 11:00
27 May 2003 0.8055 24 May 2003, 13:00 28 May 2003, 11:00
29 May 2003 2.4082 29 May 2003, 14:00 31 May 2003, 23:00
25 Jul 2003 0.5441 25 Jul 2003, 04:00 27 Jul 2003, 13:00
6 Aug 2003 0.5603 6 Aug 2003, 10:00 7 Aug 2003, 09:00
16 Aug 2003 0.4796 15 Aug 2003, 01:00 18 Aug 2003, 02:00
8 Sep 2003 0.7100 8 Sep 2003, 22:00 12 Sep 2003, 21:00
21 Oct 2003 1.7469 21 Oct 2003, 12:00 22 Oct 2003, 20:00
29 Oct 2003 8.2729 28 Oct 2003, 22:00 29 Oct 2003, 23:00
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Table 3.1: Continuation of FD events short listed by FD profile and magni-
tude
Event Magnitude(Ver %) FD onset FD minimum
15 Nov 2003 1.1557 15 Nov 2003, 04:00 17 Nov 2003, 17:00
20 Nov 2003 1.1642 20 Nov 2003, 07:00 24 Nov 2003, 04:00
7 Dec2003 0.6671 7 Dec 2003, 03:00 11 Dec 2003, 20:00
20 Dec2003 1.0800 19 Dec 2003, 22:00 22 Dec 2003, 18:00
27 Dec2003 0.6469 27 Dec 2003, 00:00 29 Dec 2003, 02:00
6 Jan 2004 1.3512 6 Jan 2004, 08:00 8 Jan 2004, 07:00
21 Jan 2004 2.3214 21 Jan 2004, 22:00 23 Jan 2004, 02:00
11 Feb 2004 1.1520 11 Feb 2004, 17:00 14 Feb 2004, 02:00
26 Feb 2004 1.1324 25 Feb 2004, 01:00 1 Mar 2004, 02:00
9 Mar 2004 0.7897 9 Mar 2004, 14:00 12 Mar 2004, 10:00
25 Mar 2004 0.8128 25 Mar 2004, 10:00 30 Mar 2004, 15:00
29 May 2004 0.3545 29 May 2004, 06:00 31 May 2004, 07:00
28 Jun 2004 0.5397 25 Jun 2004, 12:00 31 Jun 2004, 17:00
26 Jul 2004 2.1298 26 Jul 2004, 14:00 27 Jul 2004, 11:00
28 Aug 2004 0.4903 20 Aug 2004, 05:00 22 Aug 2004, 04:00
30 Aug 2004 0.6924 30 Aug 2004, 22:00 2 Sep 2004, 02:00
13 Sep 2004 1.1071 13 Sep 2004, 06:00 15 Sep 2004, 07:00
21 Sep 2004 0.6585 21 Sep 2004, 02:00 22 Sep 2004, 01:00
6 Nov 2004 2.3208 5 Nov 2004, 01:00 10 Nov 2004, 10:00
5 Dec2004 1.3709 5 Dec 2004, 02:00 6 Dec 2004, 02:00
12 Dec2004 0.5874 12 Dec 2004, 19:00 14 Dec 2004, 01:00
3.2.2 Second short-list: Magnetic clouds
We then correlate the events in short-list 1 with lists of magnetic clouds near
the Earth observed by the WIND and ACE spacecraft. The list of magnetic
clouds are obtained from Huttunen et al. (2005); Lynch et al. (2003) and
Lara (private communication). From short-list 1 we select only those event
which can be reasonably well connected with a near-Earth magnetic cloud
and this set is labelled short-list 2 (Table 3.2). The decrease minimum for
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most of the FD events in short-list 2 lie between the start and the end of the
near-Earth magnetic cloud.
3.2.3 Third short-list: CME velocity profile
Since we are looking for Forbush decrease events that are associated with
shocks as well as CMEs, we examine the CME catalogue ( CDAW DATA
CENTER 1) for a near-Sun CME that can reasonably correspond to the
near-Earth magnetic cloud that we associated with the Forbush decrease in
forming short-list 2. In Subramanian et al. (2009) it was assumed that the
CME propagates with a constant speed from the Sun to the Earth. In this
chapter, we adopt a more realistic model for the Sun-Earth propagation of
CMEs. We considered a two-step velocity profile that is described below.
The data from the LASCO coronagraph aboard the SOHO spacecraft
(CDAW DATA CENTER) provide details about CME propagation up to a
distance of ≈ 30 R from the Sun.
A height time plot of the CME is obtained from the LASCO FOV. Assum-
ing that the CME travels in the LASCO FOV with a constant acceleration
we can fit the following velocity profile to the LASCO data points:
V1 = vi + ait , for R(t) ≤ Rm (3.1)
where vi and ai are the initial velocity and acceleration of CME respectively,
and Rm is the heliocentric distance at which the CME is last observed in the
LASCO field of view.
For distances > Rm, we assume that the CME dynamics are governed ex-
clusively by the aerodynamic drag it experiences due to momentum coupling
with the ambient solar wind. For heliocentric distances > Rm, we therefore
use the following widely used 1D differential equation to determine the CME
1http : //cdaw.gsfc.nasa.gov/CME_list/
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velocity profile: (e.g., Borgazzi et al., 2009)
mCMEV2
∂V2
∂R =
1
2CDρswACME(V2 − Vsw)
2 , R(t) > Rm (3.2)
where mCME is the CME mass, CD is the dimensionless drag coefficient,
ρsw is the solar wind density, ACME = piR2CME is the cross-sectional area of
the CME and Vsw is the solar wind speed. The boundary condition used is
V2 = vm at R(t) = Rm. The CME mass mCME is assumed to be 1015 g and
the solar wind speed Vsw is taken to be equal to 450 km/s. The solar wind
density ρsw is given by the model of Leblanc, Dulk, & Bougeret (1998).
The composite velocity profile for the CME is defined by
VCME =
V1 , if R(t) ≤ RmV2 , if R(t) > Rm (3.3)
The total travel time for the CME is
∫ Rf
Ri dR/VCME, where Ri is the helio-
centric radius at which the CME is first detected and Rf is equal to 1 AU. We
have used a constant drag coefficient CD and adjusted its value so that the
total travel time thus calculated matches the time elapsed between the first
detection of the CME in the LASCO FOV and its detection as a magnetic
cloud near the Earth. We have retained only those events for which it is pos-
sible to find a constant CD and this criterion is satisfied. We have adjusted
the parameter CD so that the final CME speed obtained from Eq (3.2) is
close to the observed magnetic cloud speed near the Earth. It is usually not
possible to find a CD that will yield an exact match for the velocities as well
as the total travel times (e.g., Lara et al., 2011 ).
If there are multiple CMEs they may interact with each other as they
propagate from the Sun to the Earth. We have eliminated magnetic clouds
that could be associated with multiple CMEs in order to eliminate this possi-
bility. This defines our final short-list, which we call short-list 3 (Table 3.3).
Figure 3.2 shows an example of the composite velocity profile (given by
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Figure 3.2: A plot of the velocity profile for the CME corresponding to the 24
November 2001 FD event. The velocity of CME is given in units of cm s−1.
The CME was first observed in the LASCO FOV on 22 November 2001. The
solid line shows the first stage governed by LASCO observations (Eq 3.1),
where the CME is assumed to have a constant deceleration. The dashed line
shows the second stage (Eq 3.2), where the the CME is assumed to experience
an aerodynamic drag characterized by a constant CD.
Eqs 3.1 and 3.2) for one such representative CME, which was first observed
in the LASCO FOV on 22 November 2001, and resulted in a FD on 24
November 2001.
3.3 Models for Forbush decreases
We apply two different models to the Forbush decrease events in Table 3.3.
• The CME-only cumulative diffusion model, which assumes that the
Forbush decrease owes its origin only to the CME, and the cosmic rays
penetrate into the CME (Figure 3.3) by diffusing across the large-scale
magnetic fields bounding it, aided by the turbulence in the CME sheath
region.
• The shock only model, which assumes that the Forbush decrease is
exclusively due to the shock. The shock is approximated as a diffusive
68 3.3. Models for Forbush decreases
Ta
bl
e
3.
3:
Sh
or
t-
lis
t3
:F
or
bu
sh
de
cr
ea
se
ev
en
ts
fro
m
sh
or
t-
lis
t2
th
at
ar
e
as
so
ci
at
ed
w
ith
ne
ar
-S
un
C
M
Es
an
d
ag
re
e
w
ith
th
e
co
m
po
sit
e
ve
lo
ci
ty
pr
ofi
le
(§
3.
2.
3)
.
M
ag
ni
tu
de
(V
er
)
:
M
ag
ni
tu
de
of
Fo
rb
us
h
de
cr
ea
se
in
ve
rt
ic
al
di
re
ct
io
n
FD
on
se
t
:
T
im
e
of
FD
on
se
t
in
U
T
FD
m
in
im
um
:
T
im
e
of
FD
m
in
im
um
in
U
T
M
C
st
ar
t
:
M
ag
ne
tic
cl
ou
d
st
ar
t
tim
e
in
U
T
M
C
st
op
:M
ag
ne
tic
cl
ou
d
st
op
tim
e
in
U
T
C
M
E
ne
ar
Su
n
:T
im
e
at
w
hi
ch
C
M
E
wa
sfi
rs
to
bs
er
ve
d
in
th
e
LA
SC
O
FO
V
Ev
en
t
M
ag
ni
tu
de
FD
on
se
t
FD
m
in
M
C
st
ar
t
M
C
st
op
C
M
E
ne
ar
Su
n
(V
er
)
(%
)
(U
T
)
(U
T
)
(U
T
)
(U
T
)
(U
T
)
11
/0
4/
01
2.
86
30
11
/0
4/
01
,1
2:
00
12
/0
4/
01
,1
8:
00
11
/0
4/
01
,2
3:
00
12
/0
4/
01
,1
8:
00
10
/0
4/
01
,0
5:
30
17
/0
8/
01
1.
02
96
16
/0
8/
01
,2
2:
34
18
/0
8/
01
,0
5:
00
18
/0
8/
01
,0
0:
00
18
/0
8/
01
,2
1:
30
15
/0
8/
01
,2
3:
54
24
/1
1/
01
1.
56
12
24
/1
1/
01
,0
3:
21
25
/1
1/
01
,1
5:
00
24
/1
1/
01
,1
7:
00
25
/1
1/
01
,1
3:
30
22
/1
1/
01
,2
2:
48
7/
09
/0
2
0.
97
08
7/
09
/0
2,
14
:5
2
8/
09
/0
2,
13
:0
0
7/
09
/0
2,
17
:0
0
8/
09
/0
2,
16
:3
0
05
/0
9/
01
,1
6:
54
20
/1
1/
03
1.
16
42
20
/1
1/
03
,1
0:
48
24
/1
1/
03
,0
4:
00
21
/1
1/
03
,0
6:
10
22
/1
1/
03
,0
6:
50
18
/1
1/
03
,0
8:
50
26
/0
7/
04
2.
12
98
26
/0
7/
04
,1
5:
36
27
/0
7/
04
,1
1:
00
27
/0
7/
04
,0
2:
00
28
/0
7/
04
,0
0:
00
25
/0
7/
04
,1
4:
54
Chapter 3. Forbush decrease models 69
barrier and cosmic rays diffuse across the large-scale turbulent magnetic
field compression at the shock.
Although both the shock and the CME are expected to contribute to the
Forbush decrease , our treatment seeks to determine which one of them is
the dominant contributor at rigidities ranging from 14 to 24 GV. Before
describing the models further we discuss the cross-field diffusion coefficient.
3.3.1 Cross-field diffusion coefficient
We use an isotropic perpendicular diffusion coefficient (D⊥) to characterize
the penetration of cosmic rays across large scale, ordered magnetic fields.
We envisage a CME, with a flux rope structure, which propagates outwards
from the Sun, driving a shock ahead of it (see, e.g., Vourlidas et al., 2013 ).
The flux rope CME-shock geometry is illustrated in Figure 3.1. The CME
sheath region between the CME and the shock is known to be turbulent
(e.g., Manoharan et al., 2000). It is well accepted that the turbulent CME
sheath region has a significant role to play in determining Forbush decreases
(Badruddin, 2002; Yu et al., 2010). The cross-field diffusion coefficient D⊥
characterizes the penetration of cosmic rays through the ordered, compressed
large-scale magnetic field near the shock, as well as across the ordered mag-
netic field of the flux rope CME. In diffusing across the shock, the cosmic
rays are affected by the turbulence ahead of the shock, and in diffusing across
the magnetic fields bounding the flux rope CME, the cosmic rays are affected
by the turbulence in the CME sheath region.
The subject of charged particle diffusion across field lines in the presence
of turbulence has a long history. Analytical treatments include the so-called
“classical” scattering theory (e.g., Giacalone & Jokippi, 1999 and references
therein), and the non-linear guiding center theory (Matthaeus et al., 2003;
Shalchi, 2010) for perpendicular diffusion. Numerical treatments include
Giacalone & Jokippi (1999), Casse, Lemoine, & Pelletier (2002), Candia &
Roulet (2004) and Tautz & Shalchi (2011). We find that the analytical fits
to extensive numerical simulations provided by Candia & Roulet (2004) best
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suit our requirements. Their results not only reproduce the standard results
of Giacalone & Jokippi (1999) and Casse, Lemoine, & Pelletier (2002) but
also extend the regime of validity to include strong turbulence and high
rigidities. Our approach is similar to that of Effenberger et al. (2012), who
adopt empirical expressions for the perpendicular diffusion coefficients.
In the formulation of Candia & Roulet (2004), the perpendicular diffusion
coefficient D⊥ is a function of the quantity ρ (which is closely related to the
rigidity and indicates how tightly the proton is bound to the magnetic field)
and the level of turbulence σ2. Our characterization of D⊥(ρ, σ2) follows that
of Subramanian et al. (2009).
The quantity ρ is related to the rigidity Rg by
ρ = RLLmax
= RgB0Lmax
(3.4)
where RL is the Larmor radius, B0 is the strength of the relevant large-
scale magnetic field. For the CME-only model, B0 refers to the large-scale
magnetic field bounding the CME, and for the shock-only model, it refers to
the enhanced large-scale magnetic field at the shock. In writing second step
in Eq (3.4), we have related the Larmor radius to the rigidity Rg by
RL(t) =
Rg
B0
. (3.5)
For the CME-only model, we adopt Lmax = 2 R(T), where R(T) is the ra-
dius of the near-Earth magnetic cloud. This is in contrast with Subramanian
et al. (2009), where Lmax was taken to be 106 km, which is the approximate
value for the outer scale of the turbulent cascade in the solar wind. For the
shock-only model, on the other hand, we assume that Lmax is equal to 1 AU.
The turbulence level σ2 is defined (as in Candia & Roulet, 2004 and
Subramanian et al., 2009) to be
σ2 ≡ 〈Br
2〉
B02
(3.6)
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where Br is the fluctuating part of the turbulent magnetic field and the
angular braces denote an ensemble average.
The parallel diffusion coefficient due to scattering of particles along the
mean magnetic field D‖ is given by
D‖ = c Lmax ρ
N‖
σ2
√√√√( ρ
ρ‖
)2(1−γ)
+
(
ρ
ρ‖
)2
, (3.7)
where c is the speed of light and the quantities N‖, γ and ρ‖ are constants
specific for different kinds of turbulence.
The cross-field diffusion coefficient (D⊥) is related to the parallel one (D‖)
by
D⊥
D‖
=

N⊥ (σ2)a⊥ , ρ ≤ 0.2
N⊥ (σ2)a⊥
(
ρ
0.2
)−2
, ρ > 0.2
(3.8)
The quantities N⊥ and a⊥ are constants specific to different kinds of tur-
bulent spectra. In this work, we assume the Kolmogorov turbulence spectrum
in our calculations. We use N‖ = 1.7, γ = 5/3, ρ‖ =0.20, N⊥ =0.025 and a⊥=
1.36 ( Table 1, Candia & Roulet (2004) ). Eq (3.7) together with Eq (3.8)
defines the cross-field diffusion coefficient we use in this work.
3.3.2 CME-only model
The basic features of the CME-only model are similar to that used in Subra-
manian et al. (2009). Significant differences from Subramanian et al. (2009)
are highlighted later on in this section. There are practically no high-energy
galactic cosmic rays inside the CME when it starts out near the Sun. Cos-
mic rays diffuse into it from the surroundings via cross-field diffusion across
the closed magnetic field lines as it propagates through the heliosphere as
shown schematically in Figure 3.3. Near the Earth, the difference between
the (relatively lower) cosmic ray proton density inside the CME and that in
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Figure 3.3: A cartoon illustrating a flux rope CME expanding and propa-
gating away from the Sun. High energy galactic cosmic rays diffuse into the
CME across its bounding magnetic field.
the ambient medium appears as the Forbush decrease . We next obtain an
estimate of the cosmic ray proton density inside the CME produced by the
cumulative effect of diffusion.
The flux F of protons diffusing into the CME at a given time depends on
the perpendicular diffusion coefficient D⊥ and the density gradient ∂Na/∂r,
and can be written as
F (cm−2s−1) = D⊥
∂Na
∂r . (3.9)
As mentioned earlier, the perpendicular diffusion coefficient D⊥ characterizes
diffusion across the (largely closed) magnetic fields bounding the CME and
Na is the ambient density of high energy protons. The total number of cosmic
ray protons that will have diffused into the CME after a time T is related to
the diffusing flux by
Ui =
∫ T
0
A(t)F(t) dt =
∫ T
0
D⊥A(t)
∂Na
∂r dt (3.10)
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where A(t) is the cross-sectional area of the CME at a given time t.
According to our convention, the CME is first observed in the LASCO FOV
at t = 0 and it reaches the Earth at t = T. The ambient density gradient
∂Na/∂r is approximated by the following expression, the treatment of which
is significantly different from that used in Subramanian et al. (2009):
∂Na
∂r '
Na
L , (3.11)
where L is the gradient length-scale. Observations of the density gradient
length-scale L exist only for a few rigidities. Heber et al. (2008) quote a value
of L−1 = 4.7 % AU−1 for 1.2 GV protons. We take this as our reference value.
In order to calculate L for other rigidities (in the 14–24 GV range that we
use here), we assume that L ∝ R1/3L . This is broadly consistent with the
observation (de Simone et al., 2011) that the density gradient length-scale is
only weakly dependent on rigidity. Hence at 1 AU, the length scale becomes
L = κR1/3L (3.12)
where κ is the proportionality constant. the value of κ can be calculated
from the observed value of length scale for 1.2 GV protons from Heber et al.
(2008).
For a given rigidity, we also need to know L from the Sun to the Earth. In
order to do this, we recognize that L near the CME/magnetic cloud will not
be the same as its value in the ambient solar wind. We use L ∝ Ba(t)/B0(t),
where B0(t) is the large-scale magnetic field bounding the CME at time t, and
Ba(t) is the (weaker) magnetic field in the ambient medium outside the CME
at time t. Furthermore, while B0(t) varies according to Eq (3.16) below, the
ambient field Ba(t) of the Parker spiral in the ecliptic plane varies inversely
with heliocentric distance.
Ba(t) = Ba(T )
H(T )
H(t) (3.13)
where Ba(T ) is the ambient magnetic field measure in the space craft.
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H(T ) is the heliocentric distances at the time when CME reach space craft,
which is 1 AU and H(t) is the heliocentric distance at any time during the
propagation of CME from Sun to Earth.
Using equations 3.13, 3.16 and 3.18 we get
L(t) = Ba(t)
B0(t)
κR
1/3
L
= κ(t)R1/3L (3.14)
where the new time dependent proportionality constant κ(t) is obtained
by absorbing the time dependent part Ba(t)
B0(t) in κ.
Now the density gradient becomes
∂Na
∂r '
Na
κ(t)R1/3L
, (3.15)
We assume that the magnetic flux associated with the CME is “frozen-in”
with it as it propagates. In other words, the product of the CME magnetic
field and the CME cross-sectional area remains constant (e.g., Kumar &
Rust, 1996; Subramanian & Vourlidas, 2007). One can therefore relate the
CME magnetic field B0(t) at a given time t, to the value BMC measured in
the near-Earth magnetic cloud using
B0(t) = BMC
[
R(T)
R(t)
]2
, (3.16)
where R(T) is the radius of the magnetic cloud observed at the Earth and
R(t) is its radius at any other time t during its passage from the Sun to
the Earth. The CME radius R(t) and R(T) are related via Eq (3.19) below.
We emphasize that the magnetic field referred by equation 3.16 refers to the
magnetic field bounding the CME, and not to the ambient magnetic field
outside it.
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We model the CME as an expanding cylindrical flux rope whose length
increases with time as it propagates outwards. Its cross-sectional area at
time t is
A(t) = 2piL(t)R(t) (3.17)
where L(t) is the length of the flux-rope cylinder at time t, and is related to
the height H(t) of the CME above the solar limb via
L(t) = piH(t) . (3.18)
We note that Eq (3.18) differs from the definition used in Subramanian
et al. (2009) by a factor of 2. We assume that the CMEs expand in a self-
similar manner as they propagate outwards. 3D flux rope fittings to CMEs
in the ∼ 2− 20 R field of view using SECCHI/STEREO data validate this
assumption ( e.g., Poomvises, Zhang, & Olmedo, 2010). We discuss self-
similar expansion further in Chapter 5. This assumption means that the
radius of the R(t) of the flux rope is related to its heliocentric height H(t) by
R(t)
H(t) =
R(T)
H(T) (3.19)
where H(T), the heliocentric height at time T, is = 1 AU by definition, and
R(T) is the measured radius of the magnetic cloud at the Earth.
As mentioned earlier, we consider a 2-stage velocity profile for CME prop-
agation, expressed by Eqs (3.1) and (3.2); this is substantially different from
the constant speed profile adopted in Subramanian et al. (2009).
Using Eqs (3.11), (3.17) and (3.18) in (3.10), we get the following expres-
sion for the total number of protons inside the CME when it arrives at the
Earth:
Ui =
∫ T
0
2piL(t)R(t)D⊥
Na
κ(t)RL(t)1/3
dt . (3.20)
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The cosmic ray density inside the CME when it arrives at the Earth is
Ni =
Ui
piR(T)2L(T) , (3.21)
where L(T) and R(T) are the length and cross-sectional radius of the CME
respectively at time T, when it reaches earth. When the CME arrives at the
Earth, the relative difference between the cosmic ray density inside the CME
and the ambient environment is manifested as the Forbush decrease , whose
magnitude M can be written as
M = Na −Ni
Na
= ∆N
Na
(3.22)
= 1−
2
∫ T
0
L(t)R(t)D⊥
κ(t)RL1/3
dt
R(T )2L(T ) (3.23)
We compare the value of the Forbush decrease magnitude M predicted
by Eq (3.23) with observations in § 3.4.
An example of an FD event observed in all 9 bins of GRAPES-3 is shown
in Figure 3.4. The x-axis is the time in days starting from 1 November 2001
and the y-axis gives the the percentage deviation of the muon flux from the
pre-event mean. The magnitude M of the FD for a given rigidity bin is the
difference between the pre-event cosmic ray intensity and the intensity at the
minimum of the Forbush decrease .
3.3.3 Shock-only model
In this approach we assume that the FD is caused exclusively due to the
shock, which is modelled as a propagating diffusive barrier. The expres-
sion for the magnitude of the Forbush decrease according to this model is
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Figure 3.4: The muon flux along the nine directions is shown for the Forbush
decrease on 2001 November 24. The fluxes are shown as percentage deviations
from mean values. The solid black lines show the data after applying a low-
pass filter (Subramanian et al. (2009)). The blue dashed line in the first
panel shows the magnetic field observed in-situ by spacecraft. The magnetic
field data are inverted (i.e., magnetic field peaks appear as troughs) and are
scaled to fit in the panel. The red dotted line in middle panel shows the data
from the Tibet neutron monitor scaled by a factor 3 to fit in the panel.
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(Wibberenz et al., 1998)
M ≡ Ua − UshockUa =
∆U
Ua
= VswLshockD⊥a
(
D⊥a
D⊥shock
− 1
)
(3.24)
where Ua is the ambient cosmic ray density and Ushock is that inside the
shock, D⊥a is the ambient perpendicular diffusion coefficient and D⊥shock is
that inside the shock, Vsw is the solar wind velocity and Lshock is the shock
sheath thickness. For each shock event, we examine the magnetic field data
from the ACE and WIND spacecraft and estimate the shock sheath thickness
Lshock to be the spatial extent of the magnetic field enhancement. An example
is shown in Figure 3.5.
In computing D⊥a and D⊥shock, we need to use different values for the
proton rigidity ρ for the ambient medium and in the shock sheath; they are
related to the proton rigidity Rg by
ρa = Rg
B0
aLshock
(3.25)
ρshock = Rg
B0
shockLshock
, (3.26)
where Ba0 is the ambient magnetic field, Bshock0 is the magnetic field inside
the shock sheath.
3.4 Results
In this section we first describe various parameters needed for the CME-only
and the shock-only models that are derived from observations for different
events. Using these parameters, we then examine whether the notion of
cosmic ray diffusion is valid for each model. Using the observationally de-
termined parameters, we then obtain the (CME-only and shock-only) model
that best reproduces the observed FD magnitude in each rigidity bin.
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Figure 3.5: Interplanetary magnetic field and solar wind speed from the day
24 November 2001, The shock sheath thickness is computed by multiplying
the time interval inside the dotted lines by the solar wind speed
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3.4.1 Details of events in Short-list 3
In short-list 3 we finally chose 6 well observed events depending on the 3
short list criteria explained in section § 3.2. In this section we will explain
each event in detail.
11 April 2001
This main parameters for this event are listed in tables 3.4 and 3.10. The
cosmic ray intensity data from GRAPES-3 muon telescope corresponding to
this FD event is shown in figure 3.6. The FD on-set was on 11 April 2001
and the minimum of FD was on 12 April 2001. The magnitude of the FD
in a given rigidity bin is the difference between the pre-event intensity of the
cosmic rays and the intensity at the minimum of the Forbush decrease . The
FD magnitude, cut-off rigidity, FD on-set time and FD minimum time are
given in table 3.4.
This FD event is associated with a halo CME , which was first observed
in LASCO FOV on 10 April 2001 ; 05:30 UT CDAW DATA CENTER 2 at
a distance 2.84 R. The CME was last observed in the LASCO C2 FOV at
18.05R, where its speed was Vexp = 2876kms−1. The acceleration in this
FOV was ai = 211.60ms−2. The velocity profile for this CME is fitted to the
two-stage profile given by Eqs (3.1) and (3.2) with a constant drag coefficient
CD = 0.325. The near-earth magnetic cloud (MC) corresponding to this
event was observed by the WIND spacecraft. It started at 23:00 UT on 11
April 2001 and end at 18:00 UT on 12 April 2001. The solar wind speed when
the CME reaches earth was V MCsw = 725kms−1. The radius of the magnetic
cloud at earth is therefore R(T ) = 2.4795×107km. The maximum magnetic
field of the magnetic cloud when it reaches earth is BMC = 34.5nT . The
time interval between the first observation of the halo CME in the LASCO
C2 coronagraph FOV and the detection of the magnetic cloud by the ACE
spacecraft is 41.5 hours. The average speed of the magnetic cloud when it
2http : //cdaw.gsfc.nasa.gov/CME_list/
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Table 3.4: Observed parameters for FD on 11 April 2001.
FD onset times are in UT, 11 April 2001
FD minimum times are in UT, 12 April 2001
Directions FD Magnitude Cut-off Rigidity FD Onset FD minimum
(%) (GV ) (UT ) (UT )
NW 1.02 15.5 12:57 19:00
N 1.12 18.7 13:55 19:00
NE 0.91 24.0 16:04 19:00
W 1.38 14.3 11:16 17:00
V 1.40 17.2 12:00 18:00
E 1.05 22.4 12:57 18:00
SW 1.36 14.4 08:24 14:00
S 1.29 17.6 10:20 15:00
SE 0.93 22.4 12:28 16:00
reaches the ACE spacecraft is 725kms−1. Since the spacecraft is located
around 1.5 × 106km from the Earth, we estimate that the magnetic cloud
would have taken ≈ 0.6 hours to traverse the distance between ACE and the
Earth. The total time is therefore T = 41.5 + 0.6 = 42.1 hours.
The interplanetary shock reached the spacecraft at 14:06 UT on 11 April
2001, the solar wind speed at this time was V Shocksw = 670 kms−1. The
ambient solar wind magnetic field was Ba = 4.5nT and the magnetic field
in the shock-sheath region was Bshock = 32.5nT .
17 August 2001
The salient parameters for this event are listed in tables 3.5 and 3.10. The
cosmic ray intensity data corresponding to this event is shown in the figure
3.7. The FD on-set was observed on 17 August 2001 in the four bins (NW,
N, NE, and SW), while for the other bins (W, V, E, S and SE) FD on-set
was observed at the final hours of 16 August 2001. Minimum of this FD was
on 18 August 2001. The FD magnitude, cut-off rigidity, FD on-set time and
FD minimum time are given in the table 3.5.
This event was associated with a halo CME which was first observed
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Figure 3.6: The muon flux in the nine directions is shown for the Forbush
decrease on 2001 April 11. The fluxes are shown as percentage deviation
from mean values. The dashed red lines show the unfiltered data, while solid
black lines show the data after applying a low-pass filter. The dotted blue
lines show the fits to filtered data. The green lines in middle panel shows
the data from the Tibet neutron monitor scaled by a factor 3 to fit in the
panel. The green line in the top left panel shows the magnetic field variation.
since magnetic field increases during Forbush decrease, we calculated average
value and percentaged the deviation of the quantity |100−B| then scaled to
a factor of 10 to fit in panel
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at 23:54 UT on 15 August 2001 CDAW DATA CENTER 3. The CME is
first observed by the coronagraph at the height 3.38R and last observation
of the CME by the coronagraph was at height 25.91R, where the speed
of the CME was Vexp = 1413 km s−1, and the initial acceleration was
ai = −31.66 m s−2 in the coronagraph field of view. There after we assume
that it follows the constant drag profile with drag coefficient CD = 0.163.
The near-Earth magnetic cloud was observed by the WIND space craft, which
started at 00:00 UT of 18 August 2001 and end at 21:30 UT of the same day.
The radius of the magnetic cloud as measured from WIND spacecraft is
R(T ) = 2.322× 107 km,where we have assumed that magnetic cloud moves
with the maximum in-situ speed of the ambient solar wind behind the shock
V MCsw = 600 km s−1. The maximum magnetic field of the magnetic cloud
when it reaches earth was 25.6 nT . The total time of travel for the CME is
calculated using the time at which the CME is first observed in SOHO and
when it reaches the WIND spacecraft and the time taken for the CME to
travel from the space craft to earth using the velocity Vs = 600 km s−1. We
find T = 44.79 hours.
The interplanetary shock reached the spacecraft at 11:00 UT on 17 August
2001 and the solar wind speed at this time was V Shocksw = 501 kms−1. The
ambient solar wind magnetic field was Ba = 5nT and the magnetic field in
the shock-sheath region was Bshock = 33nT .
24 November 2001
The main parameters for this event are listed in tables 3.6 and 3.10. This
FD was observed in GRAPES-3 muon telescope on 24 November 2001. The
FD start was on 24 November 2001 and the minimum of the FD profile was
reached on 25 November 2001 for all the bins. The cosmic ray intensity data
corresponding to this event is shown in the figure 3.8. The FD magnitude,
cut-off rigidity, FD on-set time and FD minimum time are given in the table
3.6.
3http : //cdaw.gsfc.nasa.gov/CME_list/
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Figure 3.7: The muon flux in the nine directions is shown for the Forbush
decrease on 2001 August 17. The fluxes are shown as percentage deviation
from mean values. The dashed red lines show the unfiltered data, while solid
black lines show the data after applying a low-pass filter. The dotted blue
lines show the fits to filtered data. The green lines in middle panel shows
the data from the Tibet neutron monitor scaled by a factor 3 to fit in the
panel. The green line in the top left panel shows the magnetic field variation.
since magnetic field increases during Forbush decrease, we calculated average
value and percentaged the deviation of the quantity |100−B| then scaled to
a factor of 10 to fit in panel
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Table 3.5: Observed parameters for FD on 17 August 2001.
FD onset times are in UT, 17 August 2001
The 1 FD onset times are in UT, 16 August 2001
FD minimum times are in UT, 18 August 2001
Directions FD Magnitude Cut-off Rigidity FD Onset FD minimum
(%) (GV ) (UT ) (UT )
NW 1.166 15.5 04:19 4:00
N 1.121 18.7 01:55 3:00
NE 0.827 24.0 01:12 2:00
W 0.974 14.3 23:171 6:00
V 1.029 17.2 22:341 5:00
E 0.788 22.4 22:051 5:00
SW 1.120 14.4 00:00 23:00
S 1.072 17.6 23:311 22:00
SE 0.796 22.4 23:171 20:00
This event is caused by the halo CME that started at 22:48 UT on 2001
November 22 CDAW DATA CENTER 4. The CME is first observed at a
height 4.77R and the last observations was at height 25.92R, where the
speed of the CME was Vexp = 1371 km s−1, and the initial acceleration
was ai = −12.81 m s−2. The magnetic cloud starts at 24 November 2001
at 17:00 UT and end at 25 November 2001 at 13:00 UT (Huttunen et al.,
2005). The velocity profile for this CME is considered to follow the initial
acceleration up to the last observational height in the coronagraph field of
view, followed by the constant drag profile with CD = 0.09.The solar wind
speed when the CME reaches earth was V MCsw = 730 km s−1. The radius of
magnetic cloud at earth is then, R(T ) = 10× 3600× 730 = 2.628× 107 km.
The time elapsed between the first observation of the halo CME and
the detection of the magnetic cloud by the ACE spacecraft is 40.5 hours.
The average speed of the magnetic cloud by the time it reaches the ACE
spacecraft is 730 km s−1, and the spacecraft is located around 1.5× 106 km
from the Earth. We therefore estimate that the magnetic cloud would have
taken ∼ 0.6 hours to traverse the distance between ACE and the Earth. The
total time T = 40.5 + 0.6 = 41.1 hours. The maximum magnetic field of the
magnetic cloud when it reaches earth is BMC = 20nT .
4http : //cdaw.gsfc.nasa.gov/CME_list/
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Table 3.6: Observed parameters for FD on 24 November 2001.
FD onset times are in UT, 24 November 2001
FD minimum times are in UT, 25 November 2001
Directions FD Magnitude Cut-off Rigidity FD Onset FD minimum
(%) (GV ) (UT ) (UT )
NW 1.42 15.5 03:07 17:00
N 1.34 18.7 03:21 15:00
NE 0.94 24.0 03:07 16:00
W 1.67 14.3 04:05 14:00
V 1.56 17.2 03:21 15:00
E 1.16 22.4 02:52 17:00
SW 1.34 14.4 04:05 15:00
S 1.36 17.6 03:07 16:00
SE 1.10 22.4 01:24 19:00
The interplanetary shock reached the spacecraft at 06:00 UT on 24 Novem-
ber 2001, the solar wind speed at this time was V Shocksw = 948 kms−1. The
ambient solar wind magnetic field was Ba = 5nT and the magnetic field in
the shock-sheath region was Bshock = 41.5nT .
7 September 2002
The main parameters for this event are listed in tables 3.7 and 3.10. This
FD was observed in GRAPES-3 muon telescope on 7 September 2002. FD
on-set was on 7 September 2002 and the minimum of FD profile was reached
on 8 September 2002. The cosmic ray intensity data corresponding to this
event is shown in the figure 3.9. The FD magnitude, cut-off rigidity, FD
on-set time and FD minimum time are given in the table 3.7.
The Halo CME started at 16:54 on 5 September 2002. The CME was first
observed by the coronagraph at a height of 4.12R and the last observation
was at height 16.97R with a speed of Vexp = 1855 km s−1. The initial
acceleration was ai = 43.01 m s−2.The near-earth magnetic cloud was
observed by ACE spacecraft. The magnetic cloud started at 17:00 UT on 7
September 2002 and end at 16:30 UT on 8 September 2002. The Velocity
profile for this CME considered to follow the initial acceleration up to the last
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Figure 3.8: The muon flux in the nine directions is shown for the Forbush
decrease on 2001 November 24. The fluxes are shown as percentage deviation
from mean values. The dashed red lines show the unfiltered data, while solid
black lines show the data after applying a low-pass filter. The dotted blue
lines show the fits to filtered data. The green lines in middle panel shows
the data from the Tibet neutron monitor scaled by a factor 3 to fit in the
panel. The green line in the top left panel shows the magnetic field variation.
since magnetic field increases during Forbush decrease, we calculated average
value and percentaged the deviation of the quantity |100−B| then scaled to
a factor of 10 to fit in panel
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Table 3.7: Observed parameters for FD on 7 September 2002.
FD onset times are in UT, 7 September 2002
FD minimum times are in UT, 8 September 2002
Directions FD Magnitude Cut-off Rigidity FD Onset FD minimum
(%) (GV ) (UT ) (UT )
NW 0.408 15.5 17:03 15:00
N 0.593 18.7 17:17 14:00
NE 0.633 24.0 16:05 14:00
W 0.893 14.3 14:52 13:00
V 0.971 17.2 14:52 13:00
E 0.830 22.4 15:07 14:00
SW 1.076 14.4 15:50 15:00
S 1.065 17.6 16:19 16:00
SE 0.840 22.4 17:03 16:00
observational height by the coronagraph, then after it followed the constant
drag profile with the drag coefficient CD = 0.312. The solar wind speed
at the time of arrival of magnetic cloud was V MCsw = 544 km s−1, then the
radius of magnetic cloud is calculated as R(T ) = 2.301× 107 km.
The time elapsed between the first observation of the halo CME and the
detection of the magnetic cloud by the ACE spacecraft is 48.1 hours. The
average speed of the magnetic cloud by the time it reaches the ACE spacecraft
is 544 km s−1, and the spacecraft is located around 1.5 × 106 km from the
Earth. We therefore estimate that the magnetic cloud would have taken ∼
0.76 hours to traverse the distance between ACE and the Earth. The total
time T = 48.86 hours. The maximum magnetic field of the magnetic cloud
when it reaches earth is BMC = 22.9nT .
The interplanetary shock reached the spacecraft at 14:20 UT on 7 Septem-
ber 2002, the solar wind speed at this time was V Shocksw = 550 kms−1. The
ambient solar wind magnetic field was Ba = 5.8nT and the magnetic field
in the shock-sheath region was Bshock = 23nT .
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Figure 3.9: The muon flux in the nine directions is shown for the Forbush
decrease on 2002 September 7. The fluxes are shown as percentage deviation
from mean values. The dashed red lines show the unfiltered data, while solid
black lines show the data after applying a low-pass filter. The dotted blue
lines show the fits to filtered data. The green lines in middle panel shows
the data from the Tibet neutron monitor scaled by a factor 3 to fit in the
panel. The green line in the top left panel shows the magnetic field variation.
since magnetic field increases during Forbush decrease, we calculated average
value and percentaged the deviation of the quantity |100−B| then scaled to
a factor of 10 to fit in panel
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20 November 2003
The salient parameters for this event are listed in the tables 3.8 and 3.10.
This FD was observed in GRAPES-3 muon telescope on 20 November 2003.
The cosmic ray intensity data corresponding to this event is shown in the
figure 3.10. The FD magnitude, cut-off rigidity, FD on-set time and FD
minimum time are given in the table 3.8.
The Halo CME started at 8:50 UT on 18 November 2003. The CME
was first observed by the coronagraph at a height of 6.3R and the last
observation was at height 27.5R with a speed of Vexp = 1645 km s−1. The
initial acceleration was ai = −3.29 m s−2.The near-earth magnetic cloud
was observed by ACE spacecraft. The magnetic cloud started at 10:06 UT
on 20 November 2003 and ended at 00:24 UT on 21 November 2003. The
Velocity profile for this CME considered to follow the initial acceleration up
to the last observational height by the coronagraph, then after it followed the
constant drag profile with the drag coefficient CD = 0.333. The solar wind
speed at the time of arrival of magnetic cloud was V MCsw = 750 km s−1, then
the radius of magnetic cloud is calculated as R(T ) = 1.89×107 km (Wang et
al., 2006). The total time travel of the CME was 42.1 hours. The maximum
magnetic field of the magnetic cloud when it reaches earth is BMC = 50nT .
The interplanetary shock reached spacecraft at 7:30 UT on 20 November
2003.
26 July 2004
The main parameters for this event are listed in tables 3.9 and 3.10. This
FD was observed in GRAPES-3 muon telescope on 26 July 2004. The FD
on-set was on 26 July 2004 and the minimum of the FD profile was reached
on 27 July 2004. The cosmic ray intensity data corresponding to this event
is shown in the figure 3.11. The FD magnitude, cut-off rigidity , FD on-set
time and FD minimum time are given in the table 3.9.
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Figure 3.10: The muon flux in the nine directions is shown for the Forbush
decrease on 2003 November 20. The fluxes are shown as percentage deviation
from mean values. The dashed red lines show the unfiltered data, while solid
black lines show the data after applying a low-pass filter. The dotted blue
lines show the fits to filtered data. The green lines in middle panel shows
the data from the Tibet neutron monitor scaled by a factor 3 to fit in the
panel. The green line in the top left panel shows the magnetic field variation.
since magnetic field increases during Forbush decrease, we calculated average
value and percentaged the deviation of the quantity |100−B| then scaled to
a factor of 10 to fit in panel
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Table 3.8: Observed parameters for FD on 20 November 2003.
FD onset times are in UT, 20 November 2003
The 1 FD onset times are in UT, 19 November 2003
The 2 FD onset times are in UT, 21 November 2003
FD minimum times are in UT, 24 November 2003
Directions FD Magnitude Cut-off Rigidity FD Onset FD minimum
(%) (GV ) (UT ) (UT )
NW 0.95 15.5 21:22 1 5:00
N 0.93 18.7 08:10 2 4:00
NE 0.81 24.0 02:53 2 2:00
W 1.19 14.3 01:55 4:00
V 1.16 17.2 10:48 4:00
E 0.97 22.4 20:38 4:00
SW 1.17 14.4 06:58 3:00
S 1.20 17.6 10:19 3:00
SE 0.93 22.4 15:07 2:00
This event was associated with a halo CME which was first observed at
14:54 UT on 25 July 2004 CDAW DATA CENTER 5.The CME is first seen
at a height 4.22R and last observed at a height of 21.86R with a speed of
Vexp = 1366 km s−1, and the initial acceleration was ai = 7.0 m s−2 in the
coronagraph field of view. There after we assume that it follows the constant
drag profile with drag coefficient CD = 0.016. The near-Earth magnetic
cloud was observed in the spacecraft at 02:00 UT on 27 July 2004 and end
at 24:00 UT on the same day. The radius of the magnetic cloud as measured
from ACE spacecraft is R(T ) = 3.564×107 km,where we have assumed that
magnetic cloud moves with the maximum in-situ speed of the ambient solar
wind behind the shock V MCsw = 900 km s−1. The maximum magnetic field
of the magnetic cloud when it reaches earth was 25.3 nT . The total time of
travel for the CME is calculated using the time at which the CME is first
observed in SOHO and the the when it reaches the ACE spacecraft and the
time taken for the CME to travel from space craft to earth using the velocity
V MCsw = 900 km s−1. We find T = 35.71 hours.
The interplanetary shock reached the spacecraft at 22:20 UT on 26 July
2004, the solar wind speed at this time was V Shocksw = 893 kms−1. The
5http : //cdaw.gsfc.nasa.gov/CME_list/
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Table 3.9: Observed parameters for FD on 26 July 2004.
FD onset times are in UT, 26 July 2004
FD minimum times are in UT, 27 July 2004
Directions FD Magnitude Cut-off Rigidity FD Onset FD minimum
(%) (GV ) (UT ) (UT )
NW 2.06 15.5 14:24 10:00
N 2.04 18.7 15:22 11:00
NE 1.67 24.0 17:17 13:00
W 2.40 14.3 14:10 10:00
V 2.12 17.2 15:36 11:00
E 1.62 22.4 18:00 13:00
SW 1.77 14.4 16:05 12:00
S 1.67 17.6 18:29 14:00
SE 1.40 22.4 20:38 15:00
ambient solar wind magnetic field was Ba = 5nT and the magnetic field in
the shock-sheath region was Bshock = 26.1nT .
3.4.2 Summary of observationally derived parameters
for events in short-list 3
Table 3.10 contains the observationally determined parameters for each of
the CMEs and their corresponding shocks in the final short-list (Table 3.3).
The quantity “First obs” denotes the time (in UT) when the CME was
first observed in the LASCO FOV, while Rfirst is the distance (in units of R)
at which CME was first observed in LASCO FOV and Rlast is the distance at
which the CME was last observed in LASCO FOV. The quantity Vexp is the
speed of CME at Rlast (in units of kms−1) and ai is the acceleration of CME
in the LASCO FOV (in units of ms−2). The quantity CD is the (constant)
dimensionless drag coefficient used for the velocity profile (§ 3.2.3). The
quantities MC start and MC end denote the start and end times of the
magnetic cloud in UT. The quantity VMCsw is solar wind speed at the Earth
(in units of kms−1) just ahead of the arrival of the magnetic cloud, and RMC
is the radius of the magnetic cloud (in units of km). The quantity BMC is the
peak magnetic field inside the magnetic cloud (in units of nT). The quantity
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Figure 3.11: The muon flux in the nine directions is shown for the Forbush
decrease on 2004 July 26. The fluxes are shown as percentage deviation
from mean values. The dashed red lines show the unfiltered data, while solid
black lines show the data after applying a low-pass filter. The dotted blue
lines show the fits to filtered data. The green lines in middle panel shows
the data from the Tibet neutron monitor scaled by a factor 3 to fit in the
panel. The green line in the top left panel shows the magnetic field variation.
since magnetic field increases during Forbush decrease, we calculated average
value and percentaged the deviation of the quantity |100−B| then scaled to
a factor of 10 to fit in panel
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Ttotal is the Sun-Earth travel time (in hours) taken by the CME to travel
from Sun to Earth. The quantity Shock arrival denotes the time (in UT)
when the shock is detected near the Earth. The quantities Ba and Bshock
represent the magnetic fields (in nT) in the ambient solar wind and inside
shock sheath region respectively (see Fig 3.5 for an example). The quantity
Vshocksw represents the near-Earth shock speed in kms−1.
3.4.3 Is the notion of cosmic ray diffusion valid?
In order for the diffusion approximation to be valid, the Larmor radius of
a typical cosmic ray proton (rL) needs to be substantially smaller than the
CME size for the CME-only model. For the shock-only model, the proton
Larmor radius needs to be substantially smaller than the CME-shock stand-
off distance.
rL/RCME for CME-only model
Kubo & Shimazu (2010) have simulated the process of cosmic ray diffusion
into an ideal flux rope CME in the presence of MHD turbulence. They
find that, if the quantity f0(t) ≡ RL(t)/R(t) is small, cosmic ray penetra-
tion into the flux rope is dominated by diffusion via turbulent irregularities.
Other effects such as gradient drift due to the curvature of the magnetic field
are unimportant under these conditions. Figure 3.12 shows the quantity
f0(t) ≡ RL(t)/R(t) for 12 and 24 GV protons, for each of the CMEs in our
final short-list (Table 3.3). The Larmor radius RL(t) is defined by Eqs (3.5)
and (3.16) and the CME radius R(t) is defined in Eq (3.19). Clearly, f0  1
all through the Sun-Earth passage of the CMEs, and this means that the role
of MHD turbulence in aiding penetration of cosmic rays into the flux rope
structure is expected to be important.
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Figure 3.12: The quantity f0 ≡ RL/R versus distance as a CME propagates
from the Sun to the Earth. The dashed and continuous lines represent 24
GV and 12 GV protons, respectively.
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Table 3.11: Comparison of shock CME stand-off distance and Larmor radius
of high energy particles
Event Rl/L Rl/L
(14 GV) (24 GV)
11 Apr 2001 0.0661460 0.113393
17 Aug 2001 0.0603128 0.103393
24 Nov 2001 0.0299540 0.0513498
07 Sep 2002 0.385241 0.660413
20 Nov 2003 0.321034 0.550344
26 Jul 2004 0.151961 0.260504
Ratio of rL to shock CME stand-off distance for shock-only model
Table 3.11 shows the ratio of the Larmor radius of the 14 GV and 24 GV
cosmic rays to the shock-CME stand-off distance for each of the events in
our final short-list. Assuming that the shock-CME stand-off distance is rep-
resentative of the shock sheath thickness, the numbers in Table 3.11 lead
us to conclude that the idea of cosmic ray diffusion would be valid for the
shock-only model as well.
3.4.4 Fitting the CME-only and shock-only models to
multi-rigidity FD data
Using the observational parameters listed in Table 3.10, we have computed
the magnitude of the Forbush decrease using the CME-only (§ 3.3.2) and
shock-only models (§ 3.3.3). The only free parameter in our model is the
ratio of the energy density in the random magnetic fields to that in the large
scale magnetic field σ2 ≡ 〈Bturb2/B02〉. Figure 3.13 shows the best fits of
the CME-only model to the multi-rigidity data. The only free parameter
in the model is σ2 ≡ 〈Bturb2/B02〉, and the best fit is chosen by minimizing
the χ2 with respect to σ2. For each FD event, the ∗ symbols denote the
observed FD magnitude for a given rigidity bin. The dashed line denotes the
FD magnitude predicted by the CME-only model. We define the chi-square
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Table 3.12: Minimum χ2 values for the CME-only model fits to GRAPES-3
data
Event χ2
11 April 2001 11.135
17 August 2001 1.963
24 November 2001 2.457
7 September 2002 25.537
20 November 2003 3.661
26 July 2004 27.480
statistic as
χ2=
∑
i
(Ei −Di)2
vari
(3.27)
where Ei is the value predicted by the theoretical model Di is the correspond-
ing GRAPES-3 data point and vari is the variance for the corresponding data
points. The χ2 values obtained after minimizing with respect to σ2 are listed
in Table 3.12.
The entries in the row σCME in Table 3.13 denote the square roots of
the turbulence parameter σ2 that we have used for the model fits for each
event. These values represent the level of turbulence in the sheath region
immediately ahead of the CME, through which the cosmic rays must traverse
in order to diffuse into the CME. By comparison, the value of σ for the
quiescent solar wind ranges from 6–15% (Spangler, 2002). The CME-only
model thus implies that the sheath region ahead of the CME is only a little
more turbulent than the quiescent solar wind, except for the 26 July 2004
event, where the speed of CME at the Earth was much higher than that for
the other events.
We have carried out a similar exercise for the shock-only model (§ 3.3.3).
For each event, we have used the observationally obtained parameters per-
taining to the shock listed in Table 3.10. Since this model needs the turbu-
lence levels in both the ambient medium as well as the shock sheath region
to be specified, we have assumed that the turbulence level inside the shock
sheath region is twice that in the ambient medium. We find that it is not
possible to fit the shock-only model to the multi-rigidity data using values for
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Figure 3.13: The ∗ symbols show the Forbush decrease magnitude observed
with GRAPES-3. The dashed line is obtained using the CME-only model
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Table 3.13: Turbulence levels in the sheath region required by the models
Event CME-only model shock-only model
σmc σShock
11 April 2001 9.375 % 100 %
17 August 2001 13.492 % 180 %
24 November 2001 28.389 % 400 %
7 September 2002 13.379% 100%
20 November 2003 6.6571 % 400 %
26 July 2004 46.197 % 200 %
the turbulence parameter that are reasonably close to that in the quiescent
solar wind. For each event, the column called σShock in Table 3.13 denotes
the turbulence level in the shock sheath region that are required to obtain a
reasonable fit to the data. Clearly, these values are an order of magnitude
higher than those observed in the quiet solar wind.
3.5 Summary and Conclusion
Our main aim in this chapter is to determine whether Forbush decreases due
to cosmic rays of rigidities ranging from 14 to 24 GV are caused primarily
by the CME, or by the shock associated with it. We examine this question
in the context of multi-rigidity Forbush decrease data from the GRAPES-3
instrument. We use a carefully selected sample of FD events from GRAPES-3
that are associated with both CMEs and shocks.
We consider two models, the CME-only cumulative diffusion model (§ 3.3.2)
and the shock-only model (§ 3.3.3) to understand the Forbush decreases.
• In the CME-only cumulative diffusion model, we envisage the CME as
an expanding bubble bounded by large-scale turbulent magnetic fields.
The CME starts out from near the Sun with practically no high energy
cosmic rays inside it. As it travels toward the Earth, high energy cosmic
rays diffuse into the CME across the large-scale turbulent magnetic
fields bounding it. The diffusion coefficient is a function of the rigidity
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of the cosmic ray particles as well as the level of MHD turbulence in
the vicinity of the CME (the sheath region). Despite the progressive
diffusion of cosmic rays into it, the cosmic ray density inside the CME
is still lower than the ambient density when it reaches the Earth. When
the CME engulfs the Earth, this density difference causes the Forbush
decrease observed by cosmic ray detectors.
• In the shock-only model, we consider the shock as a propagating diffu-
sive barrier. It acts as an umbrella against cosmic rays, and the cosmic
ray density behind the “umbrella” is lower than that ahead of it. This
difference in intensity is manifested as Forbush decrease.
We have obtained a list of Forbush decrease events observed by the
GRAPES-3 instrument using the short-listing criteria described in § 3.2.
For each of these short-listed events, we have used observationally derived
parameters listed in Table 3.10 for both the models. The only free parameter
was the level of MHD turbulence (defined as the square root of the energy
density in the turbulent magnetic fluctuations to that in the large-scale mag-
netic field) in the sheath region.
Figure 3.13 shows the results of the CME-only cumulative diffusion model
fits to multi-rigidity data for each of the short-listed events. We use the
turbulence level in the shock sheath region as the free parameter in our
models to fit the observed FD magnitudes. Table 3.13 summarizes the values
of these turbulence levels that we have used for each of the FD events in the
final short-list. These values may be compared with the estimate of 6–15 %
for the turbulence level in the quiescent solar wind (Spangler, 2002). We thus
find that a good model fit using the CME-only cumulative diffusion model
requires a turbulence level in the sheath region that is typically only a little
higher than that in the quiet solar wind. On the other hand, a good fit using
the shock-only model demands a turbulence level in the shock sheath region
that is often an order of magnitude higher than that in the quiet solar wind,
which is unrealistic. The results summarized in Table 3.13 imply that, for
FDs involving protons of rigidities ranging from 14 to 24 GV, the CME-only
cumulative diffusion model is a viable one, while the shock-only model is
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not. Given the remarkably good fits to multi-rigidity data (Figure 3.13, the
reasonable turbulence levels in the sheath region demanded by the CME-
only cumulative diffusion model (Table 3.13) and because the FD minima
usually occur well within the magnetic cloud (Tables 3.4,3.5,3.6,3.7,3.8 $
3.9), we conclude that CMEs are the dominant cause of the FDs observed
by GRAPES-3.
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Chapter 4
Relation of Forbush decreases
with Interplanetary magnetic
field compressions
The CME-only model of the last chapter envisaged the FD as arising out of
the cumulative diffusion of high energy protons into the CME through the
turbulent magnetic field of the sheath region. However, the diffusion was
assumed to occur across an idealized thin boundary region. In this chapter
we go beyond this assumption and investigate the magnetic structure of the
CME sheath. We examine the relation between the magnetic field compression
profile and the FD profile, and interpret it in terms of cross-field diffusion of
protons.
4.1 Introduction
Solar transients like CMEs cause enhancements in the interplanetary (IP)
magnetic field. The near-Earth Manifestation of a CME from the Sun typi-
cally has two major components: i) the interplanetary counterpart of CME
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(commonly called an ICME), and ii) the shock, which is driven ahead of it.
Both the shock and the ICME will cause significant enhancement in the IP
magnetic fields. Some ICMEs, which possess some well defined criteria such
as reduction in plasma temperature and smooth rotation of magnetic field
are called magnetic clouds (e.g., Burlaga et al., 1981; Bothmer & Schwenn,
1998). The relative contribution of shock and magnetic cloud for the For-
bush decrease is a matter of debate. Zhang & Burlaga (1988); Lockwood,
Webber, & Debrunner (1991); Reames, Kahler, & Tylka (2009) argue against
the contribution of magnetic clouds to Forbush decreases whereas Badrud-
din, Yadav, & Yadav (1986); Sanderson et al. (1990); Kuwabara et al. (2009)
concluded that magnetic clouds can make an important contribution to FDs.
Correlations between parameters characterising FDs and solar wind pa-
rameters has been a subject of considerable study. Belov et al. (2001) and
Kane (2010) maintain that there is a reasonable correlation between the FD
magnitude and the product of maximum magnetic field and maximum solar
wind speed. Dumbović et al. (2012) also found reasonable correlations be-
tween the FD magnitude |FD|, and duration with the solar wind parameters
such as the amplitude of magnetic field enhancement B, amplitude of the
magnetic field fluctuations δB, maximum solar wind speed associated with
the disturbance v, duration of the disturbance tB. We note that the Forbush
decrease magnitude also depends strongly on other solar wind parameters like
velocity of the CME, turbulence level in the magnetic field, size of the CME
etc. The contributions of these parameters are explained in the CME-only
cumulative diffusion model in the section 3.3.2
In chapter 3 we described the CME-only cumulative diffusion model for
Forbush decreases, where the cumulative effects of diffusion of cosmic ray
protons through the turbulent sheath region as the CME propagated from
the Sun to the Earth was invoked to explain the FD magnitude. However,
the diffusion was envisaged to occur across an idealized thin boundary. In
this chapter we examine the detailed relationship between the FD profile and
the IP magnetic field compression.
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4.2 Data Analysis
In our studies we identified the Forbush decreases (FDs) using the data from
GRAPES-3 muon telescope. Details of this muon telescope and the data
analysis used to identify the FD are explained in chapter 2. We examined
all the Forbush decrease events observed by the GRAPES-3 muon telescope
during the years 2001 - 2004. As an example, the percentage variation of the
muon flux data for the 24 November 2001 FD event is shown in figure 4.1.
The dotted lines are the unfiltered data and the solid lines are the filtered
data after using the low pass filter to remove the frequencies more than 1/day.
Figure 4.1: Forbush decrease event on 24 November 2004. The figure shows
the percentage deviation of the muon flux for different bins in different panels,
the solid line shows the percentage deviation for the filtered data and the
dotted line shows the same for the unfiltered data.
The FDs we study are associated with near-Earth CME counterparts,
which contribute to significant increases in the interplanetary magnetic fields.
We intend to investigate the relation between these IP magnetic field en-
hancements and FDs. We used the IP magnetic field data observed by the
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ACE and WIND spacecraft available from the OMNI 1 database. We used
hourly resolution data of Btotal, Bx, By, Bz magnetic fields in the geocentric
solar ecliptic (GSE) coordinate system. Btotal is the scalar magnetic field, Bx
is the magnetic field along the Sun-Earth line in the ecliptic plane pointing
towards Sun, Bz is the magnetic field parallel to the ecliptic north pole and
By is the magnetic field in the ecliptic plane pointing towards dusk. For
consistency with the muon flux data we have applied the same low-pass filter
to the magnetic field data as we did to the muon flux, which removes any
oscillations having frequency > 1/day. Since FD events are associated with
enhancements in the IP magnetic field, we use the quantity 100 − |B| and
calculate the average value and percentage deviation of this quantity over the
same data interval as the FD. This effectively “flips” the magnetic field in-
crease and makes it look like a decrease, enabling easy comparison with the
FD profile. Figure 4.2 shows the Forbush decrease event on 24 November
2004 together with the IP magnetic field data processed in this manner. The
black solid line is the percentage deviation of cosmic ray intensity in each of
the bins. The red, blue, green and orange lines are the percentage deviation
of interplanetary magnetic fields Btotal, Bz, By and Bx respectively.
4.3 Correlation of FD magnitude with peak
IP magnetic field
Before studying the detailed relationship between the IP magnetic field and
FD profiles, we examine the relation of the peak IP magnetic field to the FD
magnitudes. We restrict our attention to FD events in short-list 1 (table 3.1)
in chapter 3. The FD magnitude for a given bin is calculated as the differ-
ence between the pre-event intensity of the cosmic rays and the intensity at
the minimum of the decrease. We examine the corresponding interplanetary
magnetic field during these events. We call the By and Bz “perpendicu-
lar” fields, because they are tangential to a flux rope CME approaching the
Earth. They are perpendicular to a typical cosmic ray proton that seeks to
1http : //omniweb.gsfc.nasa.gov/
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Figure 4.2: Forbush decrease event on 24 November 2004. Figure shows the
Forbush decrease event and the magnetic fields for all the 9 bins in GRAPES-
3 muon telescope . The black solid line is the percentage deviation of cosmic
ray intensity in each of the bins. The red, blue, green and orange lines are
the percentage deviation of interplanetary magnetic fields Btotal, Bz, By and
Bx respectively, which are scaled down by a factor of 10 to fit in the frame.
enter the CME radially; it will therefore have to cross these perpendicular
fields. We study the relation between the FD magnitude and the peak of
the total magnetic field Btotal = (B2x + B2y + B2z )1/2 and the peak of the net
perpendicular magnetic field Bp = (B2y +B2z )1/2.
The correlation coefficients of the peak Btotal with FD magnitude for
different bins are listed in table 4.1 and shown in figure 4.3. The correlation
coefficients of the peak Bp with FD magnitude are listed in table 4.2 and
shown in figure 4.4. We find that the correlation coefficient between peak
Bp and peak Btotal with the FD magnitude ranges from 62% to 72%. From
the CME-only cumulative diffusion model described in section 3.3.2 we know
that the FD magnitude depends on various parameters associated with CME,
like velocity of CME, turbulence level in the magnetic field and the size of
the CME. Its thus not surprising that the FD magnitude correlates only
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moderately with the peak value of the IP magnetic field.
Figure 4.3: Correlation of maximum total magnetic field in the magnetic
field enhancement to Forbush decrease magnitude.
4.4 IP magnetic field compression
As mentioned earlier, we consider FD events associated with the magnetic
field enhancements that are due to the shock propagating ahead of the ICME
as well as the ICME itself. ICMEs which posses certain well defined criteria
such as reduction in plasma temperature and smooth rotation of magnetic
field are called magnetic clouds (Burlaga et al., 1981; Bothmer & Schwenn,
1998). In this section we examine the magnetic field compression associated
with Forbush decrease events. An example of this is shown in figure 4.5,
where the nine different panels shows the cosmic ray flux (FD profile) of nine
different bins of GRAPES-3 muon telescope which shows the FD observed
on 24 November 2001. The black line denotes the percentage deviation of
the cosmic ray intensity, while the red dotted line is the percentage deviation
Chapter 4. Relation of FD with IP magnetic field 111
Table 4.1: Correlation of the Forbush decrease magnitude with the maxi-
mum total IP magnetic field. For each bin of GRAPES 3 the correlation is
calculated.
Direction Cut-off Rigidity (GV) Correlation
NW 15.5 0.682874
N 18.7 0.692284
NE 24.0 0.710686
W 14.3 0.687189
V 17.2 0.690613
E 22.4 0.677899
SW 14.4 0.674214
S 17.6 0.662859
SE 22.4 0.628104
Table 4.2: Correlation of the Forbush decrease magnitude with the maximum
perpendicular IP magnetic field. For each bin of GRAPES 3 the correlation
is calculated.
Direction Cut-off Rigidity (GV) Correlation
NW 15.5 0.682926
N 18.7 0.689747
NE 24.0 0.706913
W 14.3 0.684261
V 17.2 0.683616
E 22.4 0.672830
SW 14.4 0.669421
S 17.6 0.656359
SE 22.4 0.622673
of the total magnetic field |100 − B| as explained in section 4.2. The verti-
cal brown, magenta, blue, green and black lines are the timings of the FD
onset, shock arrival, magnetic cloud start, magnetic cloud end and FD min-
imum respectively. The red vertical line corresponds to the maximum of the
magnetic field compression. It is clear that the magnetic field compression
responsible for the FD is in the sheath region; the region between the shock
and magnetic cloud. This is in agreement with Richardson & Cane (2011).
The CME-only model described in the section 3.3.2 deals with the diffu-
sion of cosmic rays though the turbulent magnetic field in the sheath region.
112 4.4. IP magnetic field compression
Figure 4.4: Correlation of maximum perpendicular magnetic field in the
magnetic field enhancement to Forbush decrease magnitude.
The cross-field diffusion coefficient depends on the rigidity of the proton and
the turbulence level in the magnetic field; e.g., (Candia & Roulet, 2004).
The turbulence level in the magnetic field is an important parameter in this
context. We have calculated the turbulence level using one minute averaged
data from the ACE/WIND spacecraft available from the OMNI 2 data base.
In order to calculate the turbulence level σ we use a 1 hour running average
of the magnetic field (B0) and the fluctuation of the IP magnetic field around
this average (Btur = B −B0). We define the quantity σ as
σ =
(〈B2tur〉
B20
)0.5
(4.1)
where 〈B2tur〉 denotes the average of B2tur over the 1 hour window. Figure
4.6 shows a representative event. The first panel shows the one minute aver-
age magnetic field for 21-30 November 2001. The second panel in this figure
2http : //omniweb.gsfc.nasa.gov/
Chapter 4. Relation of FD with IP magnetic field 113
Figure 4.5: Forbush decrease event on 24 November 2001. The black line
denotes the percentage deviation of the cosmic ray intensity, the red dotted
line the percentage deviation of the total magnetic field |100−B| as explained
in section 4.2 which is scaled down to fit in the frame. The vertical brown,
magenta, blue, green and black lines denote the timings corresponding to the
FD onset, shock arrival, magnetic cloud start, magnetic cloud end and FD
minimum respectively. The red vertical line corresponds to the maximum of
the magnetic field compression.
shows the turbulence level σ calculated for this event. The vertical red, blue
and green lines correspond to the timings of shock arrival, start and end of
the magnetic cloud. We observed that the magnetic field compression re-
sponsible for the FD occurs in the shock sheath region, region between the
shock and the magnetic cloud. The turbulence level enhancement also occurs
in this region.
We studied FD events listed in short-list 2 (table 3.2) in chapter 3, which
have a good FD profile and FD magnitude > 0.25 %, and are also associated
with a near-Earth shock and magnetic cloud. We eliminated the event on 29
September 2001 from this list, since it was associated with many IP magnetic
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field enhancements, which could be due to multiple Halo and partial halo
CMEs. We examine the the magnetic field enhancement and the turbulence
level (σ) for these selected events. The timings of the shock, maximum of
the magnetic field compression, magnetic cloud start and end timings along
with the FD onset times for different bins are given in table 4.3. The peak of
the magnetic field enhancement in the smoothed data generally occurs before
the start of the magnetic cloud or at the start of the magnetic cloud, whereas
in the unsmoothed data the enhancement lies in the sheath region. We note
that the smoothing procedure using the low pass filter shifts the maximum
by a small amount (-5 to 10 hours).
Figure 4.6: Magnetic field compression associated with the Forbush decrease
event on 24 November 2001. In the first panel the black line denotes Btotal
and the brown dotted line denotes Bp. The black line in the second panel
shows the turbulence level for Btotal. In both panels the vertical lines red
corresponds to the shock arrival time, blue correspond to magnetic cloud
start time and green correspond to magnetic cloud end time.
It is clear from the figures 4.5 , 4.6 and table 4.3 that the peak of the
magnetic field compression responsible for the FD lies in the sheath region,
and the turbulence level is also enhanced in this region. This is in broad
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agreement with Richardson & Cane (2011)
4.5 How similar are the FD and the IP mag-
netic field profiles?
One of the near-Earth effects of a CME is the compression of (and consequent
increase in) the interplanetary magnetic field. IP magnetic fields measured
by spacecraft such as WIND and ACE can detect these magnetic field com-
pressions. We investigate the relation of these magnetic field compressions
to the FD profile. We work with the hourly resolution interplanetary mag-
netic field data from the ACE and WIND spacecraft obtained from the
OMNI 3 database. Applying the low-pass filter, described in section § 2.3, to
this data yields a combined magnetic field compression comprising the shock
and ICME/magnetic cloud. A visual comparison of the FD profile with the
magnetic field compression often reveals remarkable similarities. In order to
quantify the similarity between the profiles, we studied the cross correlation
of the cosmic ray intensity profile with the IP magnetic field profile. In order
to do so, we shift the magnetic field profile (with respect to the FD profile)
by amounts ranging from -36 hours to 12 hours. We identify the peak cor-
relation value and the shift corresponding to this value is considered to be
the time lag between the IP magnetic field and the cosmic ray FD profile.
Most of the FD events exhibit correlations ≥ 60% with at least one of the
four IP magnetic field components (Btotal, Bx, By, Bz). An example of the
crosscorrelation of FD profile (cosmic ray flux) with Btotal, for 23 May 2002
is shown in the figure 4.7, where the correlation lag is -13 hours. In other
words, the IP magnetic field profile precedes the FD profile by 13 hours. The
first panel in this figure is the percentage deviation of the cosmic ray flux and
the Btotal. The percentage deviation of Btotal is scaled to fit in the frame. The
second frame shows the same percentage deviations but the magnetic field is
shifted by the peak correlation lag and the last panel shows the correlation
coefficients corresponding to different lags. In further discussion we consider
3http : //omniweb.gsfc.nasa.gov/
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only those events showing high crosscorrelation ( ≥ 70%) for a lag between
-36 to 12 hours. The short-listed events are listed in table 4.4.
Figure 4.7: Crosscorrelation of the cosmic ray flux with the Btotal. First
panel showing the percentage deviation of cosmic ray flux and the magnetic
field (scaled to fit in the frame). The second panel shows the same with
the magnetic field shifted to right correspond to the lag and the third panel
shows the correlation coefficient for different lags.
4.5.1 ⊥ diffusion of cosmic rays through the sheath
magnetic field into the ICME
The lag we observed in the correlation of the cosmic ray flux and the IP
magnetic field is due to the fact that the high energy protons do not respond
to the magnetic field compressions immediately; they are subjected to the
classical magnetic mirror effect arising from the gradient in the longitudinal
magnetic field and to turbulent cross-field (also referred to as ⊥) diffusion
(e.g; Kubo & Shimazu, 2010). We concentrate here only on the cross-field
diffusion of the high energy protons through the turbulent sheath region
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Table 4.4: List of Forbush decrease events with correlation ≥ 70%, The ‘-’
entries denoted events that have low correlation values for lags between -36
and 12 hours
Event Correlation (%)
Btotal Bx By Bz
13 Jan 2001 97.2 - 95.8 96.6
26 Mar 2001 70.3 - - 39.1
4 Apr 2001 92.8 97.3 77.2 63.4
7 Apr 2001 94.3 92.7 71.9 54.2
11 Apr 2001 77.7 - - 79.0
27 May 2001 66.5 27.8 65.0 75.7
1 Jun 2001 77.1 70.5 - 54.5
13 Aug 2001 51.8 - 97.5 70.0
17 Aug 2001 84.6 - 31.2 58.0
6 Sep 2001 68.8 87.0 64.7 45.1
12 Sep 2001 79.2 - - 86.2
29 Sep 2001 70.3 - 58.1 -
5 Nov 2001 88.3 64.6 34.8 -
24 Nov 2001 85.3 32.4 41.0 77.1
14 Dec 2001 74.7 42.7 69.7 72.8
23 May 2002 98.1 79.4 75.9 60.0
7 Sep 2002 77.1 - 49.6 87.4
23 Sep 2002 60.4 87.9 41.4 93.1
30 Sep 2002 81.1 58.7 72.1 75.7
22 Dec 2002 73.4 - 43.4 84.7
9 Jan 2003 90.1 68.1 - 56.2
23 Jan 2003 70.9 - - 75.4
30 Jan 2003 94.8 84.4 42.7 95.7
16 Feb 2003 - 31.3 - 74.3
26 Mar 2003 77.1 64.8 - -
4 May 2003 83.4 - 84.7 80.7
18 May 2003 86.5 - - -
25 Jul 2003 95.3 53.3 73.3 41.6
16 Aug 2003 71.6 49.6 45.5 57.7
21 Oct 2003 83.8 92.0 70.1 93.5
29 Oct 2003 78.8 - 43.1 -
27 Dec 2003 86.1 - 21.7 87.2
21 Jan 2004 77.9 78.2 - -
29 May 2004 53.1 90.2 - 86.9
26 Jul 2004 86.5 73.3 85.5 94.8
30 Aug 2004 - - - 92.4
5 Dec 2004 85.3 - 89.4 58.4
12 Dec 2004 81.1 61.6 73.3 78.9
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between the shock and the CME. As discussed earlier, we have identified the
IP magnetic field compression to comprise mainly of this sheath region; we
therefore use the observed values of the mean field and turbulent fluctuations
in the sheath region to calculate representative diffusion timescale for cosmic
rays. The time delay between the IP magnetic field compression and the
FD profile (i.e., the correlation lag) can be interpreted as the time taken by
the particles to diffuse into the magnetic compression. Our approach may
be contrasted with that of Kubo & Shimazu, 2010, who use a computational
approach to investigate cosmic ray dynamics (thus incorporating both the
mirror effect and cross field diffusion) in a magnetic field configuration that
comprises an idealized flux rope CME. They do not consider the sheath
region, and neither do they use observations to guide their choice of magnetic
field turbulence levels.
In order to calculate the cross-field diffusion timescale, we proceed as
follows: considering the flux rope geometry of a near-Earth CME, the mag-
netic field along the Sun-Earth (BX) represents the longitudinal magnetic
field. The magnetic field By and Bz represent the perpendicular magnetic
fields encountered by the diffusing protons. In our discussion we consider
only perpendicular diffusion; we therefore choose events which exhibit good
correlation with the By and Bz magnetic field compressions and poor corre-
lation with compressions in Bx. The events short listed using these criteria
are listed in table 4.5.
4.6 Perpendicular diffusion coefficient (D⊥)
The cross-field diffusion coefficient D⊥ governs the diffusion of the ambi-
ent high-energy protons into the CME across the magnetic fields that en-
close it. The topic of cross-field diffusion of charged particles across mag-
netic field lines in presence of turbulence is subject of considerable research.
Analytical treatments include classical scattering theory (e.g. Giacalone &
Jokippi, 1999, and references therein) and non-linear guiding center theory
(Matthaeus et al., 2003; Shalchi, 2010) for perpendicular diffusion. Numer-
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ical treatments of perpendicular diffusion of charged particle in turbulent
magnetic field include Giacalone & Jokippi (1999), Casse, Lemoine, & Pel-
letier (2002), Candia & Roulet (2004), Tautz & Shalchi (2011) and Potgeiter
et al. (2014). We seek a concrete prescription for D⊥ that can incorporate
observationally determined quantities. Accordingly, we consider two different
models of D⊥ in our work.
4.6.1 D⊥, from Candia & Roulet (2004)
One D⊥ prescription we use is given by Candia & Roulet (2004) and ob-
tained from extensive Monte Carlo simulations of cosmic rays propagating
through tangled magnetic fields. Their results reproduce the standard results
ofGiacalone & Jokippi (1999) and Casse, Lemoine, & Pelletier (2002), and
it also extends the regime of validity to include strong turbulence and high
rigidities. The extent of cross-field diffusion of protons depends on several
parameters, 1) the proton rigidity, which indicates how tightly the proton
is bound to the magnetic field. 2) the level of magnetic field turbulence,
which can contribute to field line transport. The detailed description of this
cross-field diffusion coefficient is given in § 3.3.1 of chapter 3
4.6.2 D⊥, from Potgieter et al. (2014)
Another cross-field diffusion coefficient prescription we use is due to Potgeiter
et al. (2014). According to this prescription, the diffusion coefficient parallel
to the averaged background heliospheric magnetic field is given by
D‖ =
(
D‖
)
0
β
(
B0
B
)(
P
P0
)a
(
P
P0
)c
+
(
Pk
P0
)c
1 +
(
Pk
P0
)c

(b−a)
c
(4.2)
where β = v
c
, the ratio of the particle’s speed to the speed of light. Here,(
D‖
)
0
= 1022 cm2 s−1. P and B are the rigidity of the particle and magnetic
field respectively, the constant P0 = 1GV and B0 = 1nT makes the corre-
sponding quantities in the parentheses dimensionless. The parameter ‘a’ is a
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power law index which changes with time as described in table 1 of Potgeiter
et al. (2014), which together with ‘b = 1.95’ determines the slope of the
rigidity dependence respectively above and below a rigidity with the value
Pk, whereas ‘c = 3.0’ determines the smoothness of the transition. Thus the
rigidity dependence of the diffusion coefficient is expressed as a combination
of power laws. The value of Pk determines where the break in power law
occurs and the value of ‘a’ determines the slope after Pk. the value of Pk is
also given in table 1 of Potgeiter et al. (2014).
The perpendicular diffusion coefficient is then given by
D⊥ = 0.02×D‖ (4.3)
4.7 The B field-FD lag: how many diffusion
lengths?
We have established that the FD profile is often very similar to that of the
IP magnetic field compression, and lags it by a few hours. We interpret the
observed time lag between the IP magnetic field and the FD profiles as the
time taken by the protons to diffuse through the magnetic filed compression
via cross-field diffusion.
The diffusion time for a single diffusion of high energy proton into the
magnetic structure of CME is given by
tdiff =
D⊥
cVsw
(4.4)
where c is speed of light (which is the typical propagation speed for the
highly relativistic galactic cosmic rays we are concerned with) and Vsw is the
solar wind speed ahead of the CME.
We calculate tdiff using the two differentD⊥ prescriptions described in the
section 4.6. Furthermore, when using the D⊥ from Candia & Roulet (2004),
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we use two different ways for computing the turbulence level σ: in the first
one, we assume a constant value of 15 % for σ. In the second, we calculate σ
as a function of time using the one-minute averaged IP magnetic field data,
as described in Eq (4.1). When using the Potegieter et al prescription for
D⊥, we use value of β = v/c = 0.99 (since we are considering high energy
cosmic rays), Pk = 4.0GV and ‘a’ = 0.56.
We used all the three methods described above to calculate tdiff . Using
these values of tdiff we calculated the number of diffusion lengths required to
account for the observed time lag between the FD profile and the IP magnetic
field profile as,
No. of Diffusions = Lagtdiff
(4.5)
The results for the number of diffusion times needed to account for the
observed lag between the IP magnetic field enhancement and the FD profile
are shown in table 4.6. These numbers are calculated using the peak value
of the IP magnetic field profile. It is evident that the observed lags can be
accounted for by a few tens to a few hundred diffusion times.
4.8 Summary
We studied all the Forbush decrease events observed by GRAPES-3 during
the years 2001-2004. The magnetic field compression responsible for the FD
as well as the turbulence level gets enhanced in the shock sheath region. The
details regarding shock timing, magnetic cloud start and end timings along
with the FD onset time for different bins are given in the table 4.3.
We find that the FD profile looks remarkably similar to that of the IP
magnetic compression and lags it by few hours. Considering cross-field dif-
fusion as the dominant mechanism causing the Forbush decrease, we chose
the events which have good correlations with the enhancements in the per-
pendicular magnetic fields ( By , Bz) and not with the radial magnetic field
124 4.8. Summary
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(Bx). We have calculated the number of diffusions using eqn 4.5 for 14.3 GV
and 24.0 GV protons, using the peak value of the IP magnetic field compres-
sion. The number of diffusions corresponding the observed lag for the chosen
events are listed in table 4.6.
For most of the events the observed lag corresponds to few tens to few
hundred diffusions. It is to be noted that there are two exceptional events,
2001 December 14 and 2003 December 27, where the number of diffusions
are ∼1000 using the time-varying σ prescription. There are three events in
this list which have no correlation lag between the IP magnetic field profile
and FD profile. The FD on 2001 May 27 correlates well with Btotal, the FD
on 2002 December 22 correlates well with By and the FD on 2003 May 04
correlates with the Bz with no correlation lag.
4.9 Conclusion
Our aim in this work is to understand the relation between the Forbush de-
crease and the interplanetary magnetic fields. We found a reasonable correla-
tion between the FD magnitude and the peak magnetic field of the magnetic
field compression (table 4.1, 4.2). A detailed examination of the FD and IP
magnetic field profiles quantitatively established the following: 1) the im-
portance of the turbulent sheath region between the shock and ICME - the
magnetic field enhancement responsible for the Forbush decrease is in the
shock sheath region and the magnetic turbulence levels also get enhanced in
this region, and 2) the viability of cross-field diffusion as the primary reason
for Forbush decreases. We found that the FD and the IP magnetic field
profiles are very similar, and the FD lags the magnetic field enhancement
by a few hours (tables 4.4 and 4.5). We find that the observed lag between
the cosmic ray flux and the IP magnetic field corresponds to few tens to few
hundreds of diffusions (table 4.6).
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Chapter 5
Self-similar expansion of solar
coronal mass ejections
In the previous chapters we discussed the effects of CMEs near the Earth.
In this chapter we examine CME kinematics near the Sun. Specifically, we
examine the evolution of the 3D structure of CMEs to draw conclusions re-
garding the manner in which they are driven.
5.1 Introduction
The study of Earth-directed coronal mass ejections (CMEs) from the Sun are
crucial for spaceweather since these are typically responsible for most major
geomagnetic storms. It is important to get a thorough understanding of the
forces governing their initiation and propagation through the interplanetary
medium. CME kinematics exhibit a variety of characteristics (Yashiro et al.,
2004; Webb & Howard, 2012). Some CMEs experience most of their acceler-
ation within ≈ 1–2 R above the solar limb, while others show evidence of
being continuously driven throughout typical coronagraph fields of view that
extend upto ≈ 30 R (Subramanian & Vourlidas, 2007). CMEs whose me-
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chanical energies are increasing through the coronagraph fields of view, are
thought to be driven by Lorentz self-forces (e.g., Song et al., 2013; Olmedo,
Zhang, & Kunkel, 2013; Chen & Krall, 2003; Chen, 1996; Kumar & Rust,
1996). These J×B forces are usually thought to arise from misaligned cur-
rents and magnetic fields contained within the CME. The other important
force to be considered in CME kinematics in the interplanetary region is the
“drag” force, which contributes towards CME deceleration. These drag forces
are thought to be due to momentum coupling between the CMEs and the
ambient solar wind (e.g., Gopalswamy et al., 2000; Lewis & Simnett, 2002;
Cargill, 2004; Vršnak, 2006; Subramanian, Lara & Borgazzi, 2012). Recent
studies (Subramanian, Lara & Borgazzi, 2012) have attempted a preliminary
understanding of the physics underlying these drag forces. These authors
used the viscous drag in a collisionless plasma to address the drag forces
present in CME dynamics. Save for some broad ideas (e.g. Kunkel & Chen,
2010; Chen & Kunkel, 2010) we do not have a very good understanding of
the details of the driving force. We also don’t have a clear idea of the typical
heliocentric distance at which the driving force ceases to be important in
comparison to the drag force.
In this chapter we focus on the driving force acting on CMEs as they
propagate through the coronagraph field of view. It is the magnetic energy
contained by the CMEs , which is generally thought to be responsible for pro-
pelling them. This concept of CME driving at the expense of magnetic energy
was quantitatively demonstrated by Vourlidas et al. (2000). Subramanian &
Vourlidas (2007) showed that, on the average, the magnetic energy contained
in CMEs can provide for at least 74 % of energy what is required for their
propagation from the Sun to the Earth. We identify a set of well observed
CMEs observed by the SECCHI coronagraphs (Howard et al., 2008) aboard
the STEREO satellites (Kaiser et al., 2008). A large majority of CMEs ob-
served with coronagraphs are now confirmed to have a flux rope morphology
(e.g., Vourlidas et al., 2013; Zhang, Hess & Poomvises, 2013). Using this
as a reference in our study we first fit the graduated cylindrical shell (GCS)
model for flux rope CMEs (Thernisien, Vourlidas & Howard, 2009) to these
well observed CMEs in order to obtain their 3D structure. One result of this
fitting procedure turns out to be the fact that the flux rope CMEs evolve
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self-similarly; i.e. in a manner such that the ratio of their minor to major
radii remains constant. There has been some prior observational evidence
for the fact that flux rope CMEs expand in a self-similar manner in the coro-
nagraph field of view (e.g., Poomvises, Zhang, & Olmedo 2010; Kilpua et
al. 2012; Colaninno, Vourlidas & Wu 2013). However this work is the first
systematic demonstration of self-similar expansion. Self-similarity has been
invoked in a number of theories relating to CMEs propagation (e.g., Rust &
Kumar, 1996; Demoulin & Dasso, 2009; Wang, Zhang & Shen, 2009). In this
chapter, we assume that the entire evolution of the flux rope CMEs in the
coronagraph field of view (i.e., expansion and translation) is due to Lorentz
self-forces. Using this assumption and the observed self-similar expansion,
we draw conclusions regarding the extent to which the flux rope structures
are non-force-free. In section 5.2 we describe the observational results, which
we use to draw conclusions regarding the current and magnetic field config-
urations in section 5.3. Conclusions are drawn in section 5.5
5.2 Data analysis
5.2.1 Graduated Cylindrical Shell Model
The graduated cylindrical shell model (GCS) was developed by Thernisien,
Howard & Vourlidas (2006) and Thernisien, Vourlidas & Howard (2009).
This model provides a method to analyse the 3D morphology, position and
kinematics of CMEs using the white-light remote sensing observations. The
GCS model uses forward-modeling techniques. It allows the user to fit a
geometric repesentation of a flux rope to CME observations. The GCS is
meant to reproduce the large-scale structure of flux-rope-like CMEs, which
consists of a tubular section forming the main body of the structure attached
to two cones that correspond to the “legs” of the CME. The resulting shape
obtained by this model resembles a hollow croissant because electrons are
placed only at the surface and the prominence material is not modelled. The
geometry of the empirical flux rope model is shown in figure 5.1. Figures
5.1(a) and (b) show, respectively, a face-on and an edge-on representation of
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Figure 5.1: Adapted from Thernisien, Vourlidas & Howard (2009). Repre-
sentations of the Graduated Cylindrical Shell (GCS) model (a) face-on and
(b) edge-on. The dash-dotted line is the axis through the center of the shell.
The solid line represents a planar cut through the cylindrical shell and the
origin. O corresponds to the center of the Sun. (c) Positioning parameters.
The loop represents the axis through the center of the shell, φ and θ are the
longitude and latitude, respectively, and γ is the tilt angle around the axis
of symmetry of the model.
the model. The dash-dotted line represents the axis of the model and the
solid line the outline of the shell, where the density is placed. Here h is the
height of the legs and α is the half-angle between the legs. The cross section
of the model is a circular annulus of varying radius a. The distance from the
center of the Sun to a point at the edge of the shell is R. The aspect ratio
of the loop is given as κ = a
R
(Thernisien, Vourlidas & Howard, 2009).
The model is positioned using the longitude, latitude and the rotation
parameters. The origin of the flux rope is fixed at the center of the Sun. The
size of the flux rope model is controlled using three parameters which define
the apex height, foot point separation and the radius of the shell.
This model is implemented by over-plotting the projection of the cylin-
drical shell structure onto both the SECCHI A and B images. The observer
then adjusts the six parameters of the model to get the best fit to the flux
rope cavity. The GCS model is a sophisticated method of modeling the three-
dimensional structure of the CME. This model correctly handles the effects
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of projection for each image’s point of view. The geometry of the GCS model
is a good proxy for the flux rope like magnetic structure of CMEs. However,
the technique used in this model has some limitations. Since the model de-
fines a circular cross-section we can only fit the overall structure of the CME
and cannot model any distortion in interplanetary space.
5.2.2 Analysing SECCHI data
We have identified 9 well observed CMEs using the data from the SECCHI A
and B coronagraphs aboard the STEREO spacecraft. We used the method
explained in the section 5.2.1 to fit a three-dimensional geometrical flux rope
configuration to the images in SECCHI A and B coronagraphs simultaneously
at each timestamp. A representative screenshot is shown in Figure 5.2. This
figure shows the flux rope fitting to the CME images at 01:08 UT on 21 June
2012. We have taken care to ensure that the cross section of the flux rope is
fitted only to the dark cavity visible in the coronagraph images. The fitting of
the GCS flux rope to the coronagraph images yields a variety of geometrical
parameters. Table 5.1 summarizes the most relevant ones for each of the
events we have considered in this study. We followed CMEs only as far as
it is possible to make a clear, unambiguous fit to the flux rope model. The
main results are summarized in Table 5.1. Some salient features are:
• The quantity κ, which is the ratio of the flux rope minor radius to its
major radius, remains approximately constant with time for a given
CME. This conclusion holds for all the CMEs we have studied, and is a
clear demonstration of the fact that flux rope CMEs expand in a nearly
self-similar manner.
• The values of κ for different CMEs in Table 5.1 are in the range 0.44 ≥
κ ≥ 0.2
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Figure 5.2: A screenshot of a CME on 21 June 2010 that illustrates the flux
rope fitting procedure. The left panels are from STEREO A and the right
panels are from STEREO B. The upper panels show the white light CMEs
data and the lower panels have the flux rope (displayed as a green wiremesh)
structure superposed.
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Table 5.1: Flux rope fits to STEREO COR2 data
Date Time Longitude Latitude Tilt Angle Height κ = a
R
07/01/2010 07:07 135.28 10.06 3.35 7.50
07/01/2010 08:08 134.16 09.50 3.35 8.43
07/01/2010 09:08 133.05 09.50 3.91 9.50
07/01/2010 10:08 131.93 10.62 3.35 10.21 0.212±0.008
07/01/2010 11:08 133.05 10.06 0.56 10.86
07/01/2010 12:08 133.05 10.62 2.80 12.14
01/02/2010 19:08 38.01 -19.01 14.54 10.21
01/02/2010 20:08 36.90 -19.57 16.77 12.21 0.315±0.006
01/02/2010 21:08 35.78 -19.01 17.89 14.57
01/02/2010 22:08 35.78 -19.01 19.01 16.5
14/02/2010 03:08 210.18 13.98 -34.66 8.14
14/02/2010 04:08 210.18 12.30 -30.75 9.79 0.258±0.010
14/02/2010 05:08 210.18 11.74 -40.25 11.14
14/02/2010 06:08 211.31 11.74 -38.57 13.00
12/06/2010 15:08 338.76 35.22 72.67 9.21
12/06/2010 16:08 336.52 34.10 72.67 11.29 0.305±0.024
12/06/2010 17:08 336.52 29.07 77.14 13.00
12/06/2010 18:08 336.52 29.07 77.14 15.71
20/06/2010 22:08 310.81 11.18 0.56 7.14
20/06/2010 23:08 310.81 11.18 0.56 8.14
21/06/2010 00:08 310.81 11.18 0.56 9.07 0.196±0.013
21/06/2010 01:08 310.81 11.18 0.56 10.43
21/06/2010 02:08 310.81 12.30 0.56 11.64
01/03/2010 05:08 24.60 -16.77 3.35 10.57
01/03/2010 06:08 24.60 -16.77 3.35 12.50 0.353±0.010
01/03/2010 07:08 24.60 -16.77 2.80 13.93
01/03/2010 08:08 23.48 -15.65 -3.91 15.93
26/03/2010 13:08 22.36 -1.12 46.96 8.79
26/03/2010 14:08 22.36 -1.12 51.99 10.14
Continued on next page
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Table 5.1: Flux rope fits to STEREO COR2 data
Date Time Longitude Latitude Tilt Angle Height κ = a
R
26/03/2010 15:08 22.36 -1.12 54.78 11.43 0.216±0.011
26/03/2010 16:08 22.36 -0.56 55.90 13.21
26/03/2010 17:08 22.36 -1.12 87.20 14.71
13/04/2010 12:08 164.34 36.33 -12.30 6.50
13/04/2010 13:08 164.34 34.66 -11.18 9.07 0.438±0.032
13/04/2010 14:08 164.34 34.10 -14.54 12.07
13/04/2010 15:08 164.34 33.54 -13.98 15.98
29/01/2008 06:22 54.78 3.91 -0.56 11.21
29/01/2008 06:52 55.90 3.91 -0.56 11.71
29/01/2008 07:22 55.90 3.91 -0.56 12.35 0.203±0.008
29/01/2008 07:52 55.90 3.35 -0.56 13.29
29/01/2008 08:22 55.90 3.91 -0.56 13.86
29/01/2008 09:22 55.90 4.47 -1.12 15.71
For a given CME, the geometrical flux rope fitting procedure we use allows
it to have different values of κ at different timestamps. The approximate self-
similarity observed in CME evolution as a result of the flux rope fitting is
thus physical. Several of the flux rope CMEs studied by Kilpua et al. (2012)
using the GCS method also evolve in a self-similar manner, with the value of
aspect ratio, 0.39 ≥ κ ≥ 0.23. Studies in the HI (Heliospheric Imager) field
of view (Colaninno, Vourlidas & Wu, 2013)also reveal self-similar expansion,
with 0.60 ≥ κ ≥ 0.25. Subramanian & Vourlidas (2009) found that the
subset of CMEs from Subramanian & Vourlidas (2007) that were subject to
a net driving force show a constant value of κ, which they used to derive
the axial current enclosed by these flux rope CMEs. It is to be noted that
Subramanian & Vourlidas (2009) used LASCO data, which did not have
the advantage of two viewpoints that the current study does. Subramanian
& Vourlidas (2009) selected CMEs which seemed to propagate mostly in
the plane of the sky. They interpreted the circular cross-section visible in
LASCO images as the cross-section of these flux ropes. It is to be noted that
there are CMEs whose expansion is not self-similar (e.g., Cheng et al., 2014).
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Figure 5.3: A schematic of the fluxrope magnetic field. The fluxrope minor
radius is a and its major radius is R. The directions of the toroidal and
poloidal current densities and magnetic fields are indicated.
This deviation from self-similarity might either be an illusion arising out of
CME rotation (e.g., Vourlidas et al., 2011b) or a genuine effect. We now turn
our attention to the implications of the observed self-similar propagation in
the context of a flux rope model where the evolution is governed entirely by
Lorentz self-forces.
5.3 Lorentz self-forces in flux ropes
5.3.1 Self-similar expansion
The subject of Lorentz self-forces in flux ropes has a long history, which starts
from Shafranov (1966) on through treatments like Anzer & Poland (1979);
Garren & Chen (1994); Chen (1996); Kumar & Rust (1996); Chen & Krall
(2003); Subramanian & Vourlidas (2009); Olmedo, Zhang, & Kunkel (2013).
In a broad sense all these studies appeal to variants of J × B forces, which
arise from currents and magnetic fields carried by the flux rope structure. A
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qualitative sketch of a fluxrope configuration with its poloidal and toroidal
componenets of J and B are shown in figure 5.3. The assumption of self-
similar flux rope evolution is built into several popular theoretical treatments
of Lorentz self-force driving (e.g., Kumar & Rust, 1996; Subramanian &
Vourlidas, 2009; Olmedo & Zhang, 2010). In the treatment of Kumar &
Rust (1996), self-similar evolution is a consequence of assuming that axial
magnetic flux and helicity are both conserved. However, they do not use a
specific value of the self-similarity parameter
κ ≡ a
R
(5.1)
in their treatment. Here a is the minor radius and R is the major radius of
the flux rope CME.
We will now examine some other treatments involving Lorentz self-forces
(e.g., Chen, 1996; Chen & Krall, 2003) and do not explicitly apeal to self-
similar expansion. It is often difficult to specify unique magnetic field and
current configurations for a non-force-free flux rope structure (see Chen, 2012
for some examples), hence several authors have used the self-inductance of a
slender, axisymmetric, circular flux rope as a starting point. This quantity
(in cgs units) is given by (Shafranov, 1966; Landau & Lifshitz, 1984)
L = 4pi R
[
ln
(
8R
a
)
− 1
]
, (5.2)
where R is the major radius of the flux rope and a is its minor radius.
The magnetic energy associated with a current loop such as this carrying
an axial current I is
Um = (1/2)LI2
= 2 pi R I2
[
ln
(
8R
a
)
− 1
]
(5.3)
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Using this and considering the self similar expansion of flux rope, κ ≡ a
R
as
constant, the Lorentz self-force acting along the major radius is then derived
as
fR =
1
c2
∂
∂R
Um =
2 pi I2
c2
[
ln
(
8R
a
)
− 1
]
, (5.4)
where c is the speed of light.
Thereafter, the force per unit arc length acting along the major radial
direction is calculated as
fL = (1/2piR)fR (5.5)
It maybe noted that the last step in equation (5.4) can be arrived at
only if the quantity κ ≡ a/R is assumed to be constant. In other words,
any treatment that uses equation (5.4) implicitly assumes that the flux rope
evolves in a self-similar manner. However, we note that some treatments
(e.g., Chen, 1996; Chen & Krall, 2003) use equation (5.4) (and therefore
implicitly assume self-similar expansion) and yet have separate differential
equations for the evolution of the flux rope major radius (R) and its minor
radius (a).
In our study we use the observed values of the self-similarity parameter κ
to determine the relation between the local pitch angle of the magnetic field
configuration inside the flux rope and the misalignment angle between the
current density and the magnetic field.
5.3.2 How misaligned are J and B?
Lorentz self-force driving necessarily involves non-force-free configurations of
the current density (J) and the magnetic field (B). We therefore evaluate the
angle between the current density J and the magnetic field B. We decompose
the current and magnetic field into poloidal and toroidal components:
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J = Jpip + Jtit ≡ c1Btip + c2Bpit
B = Bpip +Btit , (5.6)
where ip and it are unit vectors in the poloidal and toroidal directions re-
spectively (see fig 5.3). The constant c1 and c2 can be defined as
c1 ≡ Jp/Bt and c2 ≡ Jt/Bp, (5.7)
The magnetic field pitch angle γ is given by the expression,
γ ≡ tan−1 Bp
Bt
. (5.8)
the angle χ between the current density J and the magnetic field B can
be written as
sinχ = |J×B||J||B| =
=
c1B
2
t − c2B2p√
c21B
2
t + c22B2p
√
B2t +B2p
=
1− c2
c1
tan2 γ[
(1 + c
2
2
c21
tan2 γ) (1 + tan2 γ)
]1/2 , (5.9)
where we have used Equation (5.6) for J and B. We note that Eq (5.9) is
independent of a specific model for the current density J and the magnetic
field B inside the flux rope. It holds for any flux rope structure (fig 5.3), and
does not make any assumptions about whether or not it is force-free. We
now use two different methods to calculate the local pitch angle (Eq. 5.8)
for the flux rope magnetic field, which we describe herewith.
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Method 1
The most popular concept to describe flux ropes is the force-free Lundquist
solution (Lundquist, 1950). A natural starting point would be to assume
that Lorentz self-forces arise from a situation where the flux rope structure
deviates very little from the force-free state. In Eq (51) of their paper, Kumar
& Rust (1996) give the following expression for sinχ:
sinχ = pi
x0
(
a
piR
)
= κ
x0
, (5.10)
where x0 = 2.405 is the first zero crossing of the Bessel function J0 and we
have used Eq (5.1). Apart from the assumptions regarding conservation of
axial magnetic flux and helicity, this expression for sinχ from Kumar & Rust
(1996) relies crucially on the assumption that the flux rope deviates very little
from the force-free Lundquist solution (Lundquist, 1950). It can be derived
from Eqs (16) and (50) of Kumar & Rust (1996) and using |J| |B| = αB2,
which expresses the fact that the flux rope is nearly force-free.
Equating the equations for sinχ, (5.9) and (5.10) we get ,
1− c2
c1
tan2 γ[
(1 + tan2 γ) (1 + c
2
2
c21
tan2 γ)
]1/2 = κx0 . (5.11)
For the Lundquist force-free solution (e.g., Eq 1, Kumar & Rust, 1996;
Eq 19, Lin et al., 1998), since J = αB, the ratio c2/c1 (Eq 5.7) is given by
c2
c1
≡ Jt
Bp
Bt
Jp
=
(
J0(x0y)
J1(x0y)
)2
(5.12)
where y is the fractional minor radius of the flux rope. In other words,
y < 1 defines the interior of the flux rope and y > 1 its exterior. The
quantity J0 denotes the Bessel function of zeroth order while the quantity
J1 represents the Bessel function of first order. Using equation (5.12) for
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Figure 5.4: A plot of the local magnetic field pitch angle γ as a function of
fractional minor radius y. The red line denotes the force free model (Eq 5.14)
while the blue and green lines are obtained using method 1 (Eq 5.11). The
blue line uses κ = 0.2 and the green line employs κ = 0.44
c2/c1 and the observationally determined values of the similarity parameter
κ (Table 5.1), we can use Eq (5.11) to determine the pitch angle γ of the
magnetic field configuration of a flux rope which deviates only slightly from
a force-free configuration.
The poloidal and toroidal components of the magnetic field for the ideal
force-free Lundquist solution is given by (e.g., Eq 1, Kumar & Rust, 1996;
Eq 19, Lin et al., 1998)
Bp = B0J1(x0 y)
Bt = B0J0(x0 y) (5.13)
Using this the pitch angle γ for the ideal force-free Lundquist solution is
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given by,
tan γ ≡ Bp
Bt
= J1(x0 y)
J0(x0 y)
, (5.14)
The pitch angle calculated using equations (5.11) and (5.12) are shown
in the figure 5.4. In order to calculate the pitch angle we used some of
the observed values of the similarity parameter κ for all the CMEs in our list
(table 5.1). The blue line in figure 5.4 uses the smallest value of κ observed in
our sample (κ = 0.2), while the green line uses the largest observed value of κ
(= 0.44). For comparison, the pitch angle computed using the ideal force-free
configuration (Eq 5.14) is also overplotted in red. It is clear from the figure
5.4 that the local magnetic field pitch angles for self-similarly expanding
flux ropes do not agree with that for an ideal force-free configuration. The
larger the value of κ, the more is the disagreement. In other words, the
magnetic field configurations in the observed (self-similarly expanding) flux
ropes deviate considerably from a force-free one. This is despite the fact that
the observed values of the self-similarity parameter (κ, Table 5.1) correspond
to misalignment angles χ (equation 5.10) of only 5◦ to 10◦. The nearly force-
free assumption is thus not consistent, and it is worth examining if such
self-similarly expanding flux ropes can be better described by a non-force
free model.
Method 2
In this method we consider a prescription for a non-force-free flux rope con-
figuration given by Berdichevsky (2013). This prescription is a perturbative
expansion on a force-free configuration, correct to order κ ≡ a/R, which
incorporates the effect of large-scale curvature (see Fig 5.3). In this prescrip-
tion, the pitch angle is defined as
tan γ ≡ Bp
Bt
= J1 (A(y, φ))
J0 (A(y, φ))
, (5.15)
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Figure 5.5: A plot of γ as a function of fractional minor radius y using method
2 (Eq 5.15). The red solid line is for φ = pi/4, the blue dotted line is for
φ = pi/2 and κ = 0.2 while the blue solid line is for φ = pi/2 and κ = 0.44.
where φ is the polar angle coordinate in the plane perpendicular to the
toroidal axis and the quantity A is defined by
A(y, φ) = xo y [1 + κy (cosφ− | sinφ|)] . (5.16)
The quantity A(y, φ) expresses the effect of the curvature of the major
radius. For a straight flux rope, an observer looking through the cross section
will see only one circle, because the circles defining the cross section overlap
each other. For a bent flux rope, on the other hand, the observer will see
a few circles displaced from each other with the center of circles lying in
the curvature of fluxrope. The more the flux rope curvature, the farther
the centers of these circles are displaced from each other. From a direct
comparison of equations (5.15) and (5.14), it is evident that the non-force free
expression is identical to the force-free expression for the values of φ = pi/4
and 7pi/4.
We can calculate the local magnetic field pitch angle (γ) for this non-force-
free configuration using Eqs (5.15) and (5.16). This magnetic field pitch angle
(γ) is a function of the observed similarity parameter κ (table 5.1) and the
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fractional minor radius y. The local magnetic field pitch angle γ is depicted
as a function of the fractional minor radius y for a few representative values
of κ and φ in figure 5.5. The red solid line is for φ = pi/4, the blue dotted
line is for φ = pi/2 and κ = 0.2 while the blue solid line is for φ = pi/2 and
κ = 0.44. Since φ = pi/4 corresponds to the force-free case, it is independent
of κ.
Using the values of γ obtained from this method as shown in figure 5.5, we
can compute the misalignment angle χ between J and B using equation (5.9).
However, since we are considering a non-force free configuration, it is not
appropriate to use equation (5.12) for the ratio c2/c1, which is valid only for
a force-free configuration. Instead, we recognize that the poloidal magnetic
field Bp is generated by a toroidal current It, while the toroidal magnetic
field Bt is generated by a poloidal current Ip:
Bp =
2It
ca
Bt =
2Ip
cR
(5.17)
where c denotes the speed of light. Furthermore, the total currents are
related to their respective densities by (e.g., Chen, 1989)
It = 2pi
∫ a
0 rJtdr = pia2Jt
Ip = 2piR
∫ a
0 Jpdr = 2piRaJp , (5.18)
where, for the sake of concreteness, we have assumed that the current density
is uniform throughout the body of the flux rope. We note that other current
distributions are possible. Equations (5.7), (5.17) and (5.18) yield
c2
c1
= 2 . (5.19)
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Figure 5.6: A plot of the angle (χ) between J andB as a function of fractional
minor radius y using method 2. The linestyles are the same as that used in
figure 5.5.
Using the values of tan γ from equations (5.15) and (5.16) in equation (5.9)
with the quantity c2/c1 given by equation (5.19), we get the values of χ de-
picted in figure 5.6. The red solid line is for φ = pi/4, the blue dotted
line is for φ = pi/2 and κ = 0.2 while the blue solid line is for φ = pi/2 and
κ = 0.44. Since φ = pi/4 corresponds to the force-free case, it is independent
of κ. Clearly, the angle between J and B can be substantial, which means
that the flux rope deviates considerably from a force-free state.
5.4 Discussion
Our findings imply that, in the coronagraph field of view, the current (J) and
the magnetic field (B) within flux rope CMEs that propagate in a self-similar
manner can be substantially misaligned. This is the first conclusive evidence
of the non-force-free nature of flux rope CMEs. This misaligned J and B
forms the basis for Lorentz self-force driving. The magnitude of the Lorentz
self force (|J| |B| sinχ) depends upon the magnitudes of the current density
(|J|) and magnetic field (|B|) as well as the the angle (χ) they subtend
on each other. The results from this work regarding χ can constrain the
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Figure 5.7: The misalignment angle (χ) between the current density (J)
and the magnetic field (B) implied by inferences of the magnetic field pitch
angle (γ) near the Earth. The misalignment angle is plotted as a function
of the fraction radius (y) inside the flux rope. The blue curve is plotted for
tan γ = 0.05, the red one for tan γ = 0.15 and the green one for tan γ = 0.3
magnitudes of the current and magnetic field in flux ropes needed to explain
an observationally mandated driving force (e.g., Subramanian & Vourlidas,
2007). Furthermore, findings from Subramanian & Vourlidas (2007) imply
that there is excess magnetic energy that is available within the flux rope
structure which can be expended in translating and expanding the CME, in
(often) driving a shock ahead of it, and in heating the plasma that is inside
it. It is not yet clear how the available magnetic energy is partitioned among
these different avenues.
It is worth comparing our estimates for the magnetic field pitch angle (fig-
ures 5.4 and 5.5) with values for this quantity near the Earth. Observations
of near-Earth magnetic clouds (which are generally modeled as force-free flux
ropes) suggest that 0.05 ≤ tan γ ≤ 0.3 (Larson et al., 1997; Leamon et al.,
2004; Gulisano et al., 2005). Along with plausible guesses for the number
of field line turns, these values for tan γ have been used to infer total field
line lengths in near-Earth magnetic clouds (Kahler, Haggerty & Richardson,
2011), which in turn are used to address questions related to whether or not
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a force-free flux rope configuration is a good model for these structures, and
if their legs are still connected to the Sun. In keeping with the general
expectation that flux ropes observed near the Earth are force-free structures,
we use method 1 (which relies on the nearly force-free assumption) to check
if these observed magnetic field pitch angles are consistent with small values
of the misalignment angle χ, as they are often assumed to be. We use equa-
tions (5.9) and (5.12) to calculate the values of χ implied by the observed
range 0.05 ≤ tan γ ≤ 0.3. The results are shown in figure (5.7). This figure
shows the misalignment angle (χ) between the the current density and the
magnetic field inside the flux rope corresponding to tan γ = 0.05 (blue line),
tan γ = 0.15 (red line) and tan γ = 0.30 (green line). This shows that, even
near the Earth, the angle (χ) between J and B is often quite substantial,
and the force-free assumption is probably not valid.
5.5 Summary
Several CMEs are driven in the coronagraph field of view; i.e., from a few to a
few tens of R. We have fitted the Thernisien, Vourlidas & Howard (2009) 3D
flux rope (GCS) model to nine well observed CMEs in the SECCHI/STEREO
field of view. One of the main conclusions from this exercise is that the flux
rope CMEs propagate in a nearly self-similiar manner, which means that
the ratio (κ) of the flux rope minor to major radius remains approximately
constant as it propagates outwards. This conclusion is consistent with those
from similar exercises using COR2 data (Kilpua et al., 2012) and HI data
(Colaninno, Vourlidas & Wu, 2013).
It is generally accepted that Lorentz self-forces are responsible for the
evolution of CMEs in both expansion as well as translation. The Lorentz self-
forces are assumed to arise from misaligned current density (J) and magnetic
field (B). Eventhough the Lorentz self-forces involvement in the dynamics of
CMEs are generally accepted, we really dont know much about the degree of
misalignment with the current density (J) and magnetic field (B). We have
derived a general relation (Eq 5.9) between the local pitch angle (γ) of the
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flux rope magnetic field and the misalignment angle (χ) between J and B,
which will give the nature of the misalignment angle (χ) inside the flux rope.
This clearly means that the flux rope configurations are not force-free while
they are driven.
We have used the observed values of the self-similarity parameter (κ) to
calculate the local pitch angle of the flux rope magnetic field (γ) using two
different prescriptions. In the first one, we have assumed that the flux rope
deviates only slightly from a force-free equilibrium following the prescription
of Kumar & Rust (1996). Even though this prescription predicts that the
misalignment angle (χ) between J and B is only 5◦ to 10◦, the local magnetic
field pitch angle calculated deviates appreciably from that calculated using
the purely force-free assumption (figure 5.4). This implies that the nearly
force-free assumption is not well justified.
We therefore adopt a second method that employs an explicit expression
for magnetic fields in a non-force-free flux rope configuration. This is a first
order perturbation (in the quantity κ) to a force-free flux rope (Berdichevsky,
2013). This method yields values of the local magnetic field pitch angle as
a function of radial position inside the flux rope as well as the azimuthal
angle (figure 5.5). Since the second method does not assume a priori that
the flux rope is nearly force-free, we contend that results using this method
(figures 5.5 and 5.6) are more reliable. The values for the angle (χ) between
J and B deduced from method 2 (figure 5.6) are substantial; they range from
−50◦ to 90◦. These values may be contrasted with the rather small values for
χ (around 3◦) that are required for flux rope prominences to be supported
against gravity (Rust & Kumar, 1994).
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Chapter 6
Conclusions and Future Work
In this chapter we summarize the main conclusions from this thesis. We also
give a flavour of future work arising from the work done in this thesis.
6.1 Conclusions
The broad goal of this thesis was to understand the near-Earth structure
of Earth directed CMEs and the driving force acting on the CMEs. Earth-
directed Coronal mass ejections (CMEs) emanating from the Sun are the
primary drivers of space weather disturbances. To understand the near-Earth
structure of CMEs we used cosmic rays as a proxy. The effect of CMEs near
the Earth is often manifested as transient decreases in galactic cosmic ray
intensity, which are called Forbush decreases (FDs). We used FD events
observed by the GRAPES-3 muon telescope to study the turbulence levels in
the sheath region between the CME and the shock. To study the kinematics
of CMEs we used the observation of CMEs in the STEREO/SECCHI A and
B coronagraphs. This study helps us understand how misaligned are the
current density and magnetic field in flux-rope CMEs; this is the basis of
Lorentz self-force driving.
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6.1.1 Forbush decreases observed in GRAPES-3
The very large-area tracking muon telescope operating as a part of the
GRAPES-3 experiment is a unique instrument capable of studying the muon
variation rates in 225 solid angle bins. Since there can be a directional
spread due to the influence of the terrestrial, solar, and interplanetary mag-
netic fields a regrouping of bins are made out of 169 after eliminating the
outer bins as shown in the figure 2.9. Thus the muon telescope is capable of
looking in nine different directions, which corresponds to nine different cut-
off rigiditites (Table 2.1). The data is summed over a time interval of one
hour for each of the nine bins, which improves the signal-to-noise ratio. We
used a low pass filter which removes all frequencies higher than 1 day−1 in the
data. This filter helps to remove the oscillations due to diurnal variations.
The Forbush decrease events are better evident with the filtered data.
6.1.2 Forbush decrease models
The relative contributions of shocks and coronal mass ejections (CMEs) in
causing Forbush decreases is a matter of debate. We investigated this issue
using multirigidity FD data from the GRAPES-3 muon telescope. We con-
sider two different models - the CME-only cumulative diffusion model and
the shock-only model. We have used observationally derived parameters for
the CME and shock (Table 3.10 ) in constraining our models. The only free
parameter in our study was the magnetic turbulence level (σ =
( 〈B2tur〉
B20
)0.5
) in the sheath region. We studied the short listed events using the short-
listing criteria described in section §3.2. Figure 3.13 shows the results of the
CME-only cumulative diffusion model fits to multi-rigidity data for each of
the short-listed events. Table 3.13 summarizes the values of these turbulence
levels that we have used for each of the FD events in the final short-list. We
compare these values with the estimate of 6–15 % density turbulence level in
the quiescent solar wind (Spangler, 2002). We found that a good model fit
using the CME-only cumulative diffusion model requires a turbulence level
only a little higher than the quiescent solar wind, whereas a good fit with the
shock-only model demands a turbulence level which is an order of magnitude
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higher than that of the quiet solar wind. We conclude that a scenario where
the FD is caused by the cumulative diffusion of galactic cosmic rays into the
CME as it travels from the Sun to the Earth (through the turbulent sheath
region) is a plausible one.
6.1.3 Relation of FD profiles with Interplanetary mag-
netic field enhancements
Forbush decreases observed at the Earth are related with the interplanetary
magnetic field enhancements. The magnetic field enhancement mainly com-
prises the sheath region, which is the region between the shock and CME
(Figure 4.5 & 4.6). The magnetic field turbulence level also gets enhanced
in this region (Figure 4.6). We find that the FD profile closely resembles
the corresponding magnetic field compression (Figure 4.7). The FD profile
looks like a lagged copy of the magnetic field compression. We studied this
resemblance using the quantities Btotal, Bz, By and Bx (Table 4.4). The ob-
served lag in the correlation can be due to cross-field diffusion of high energy
protons through the turbulent magnetic fields in the sheath region. We have
verified that the lag between the IP magnetic field enhancement and the FD
corresponds to few tens to few hundreds of cross-field diffusion times (Table
4.5, Table 4.6). This provides quantitative support to the idea of FDs aris-
ing out of galactic cosmic ray protons diffusing across the turbulent sheath
region into the CME.
6.1.4 Self-similar expansion of solar coronal mass ejec-
tions
Our observations of flux rope CMEs in the coronograph field of view show
that they are expanding in a self-similar manner; in other words, the ratio
of the flux rope minor radius to its major radius (κ) remains almost con-
stant. We have used the observed values of the self-similarity parameter (κ)
to calculate the local pitch angle of the flux rope magnetic field (γ) using
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two different prescriptions (Kumar & Rust, 1996 and Berdichevsky, 2013).
Both these methods reveals that the magnetic field-current configuration in
these flux ropes are substantially non force-free (Figure 5.4 & 5.5). Lorentz
self-forces, which are generally thought to be responsible for CME propa-
gation, arise from misaligned current density (J) and magnetic field (B).
Our study found that for the self-similar expanding CMEs in coronagraph
field of view (Figure 5.6), the current density (J) and the magnetic field (B)
can be substantially misaligned. This is the first conclusive evidence of the
non force-free nature of flux rope CMEs, which forms the basis for Lorentz
self-force driving.
6.2 Future Work
6.2.1 Forbush decreases
We would like to study the Forbush decreases in greater detail. In the work
carried out in this thesis we studied the Forbush decreases and their as-
sociated CMEs during the years 2001-2004. We would like to extend our
studies to many more interesting events from 2004 onwards. We used two
different approaches to study Forbush decreases in this thesis. In chapter 3
we studied the cumulative effect of diffusion of cosmic rays into the CME
through the turbulent magnetic field in the sheath region; in this approach
the cross-field diffusion was envisaged to happen across an idealized thin
boundary. In chapter 4 we studied local diffusion of the cosmic rays through
the entire magnetic field compression profile. In future work we would like
to combine both these approaches so as to obtain a comprehensive physical
understanding of the entire Forbush decrease.
We have observed that the time evolution of Forbush decreases observed
in galactic cosmic rays by the GRAPES-3 muon telescope bears a remarkable
similarity to that of the observed compression in the near-Earth interplan-
etary magnetic field. Motivated by this, we can carry out modelling of the
observed Forbush decreases that will concentrate on particle orbits in the
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observed magnetic field compressions in the presence of MHD turbulence.
This treatment will result in a clear understanding of the MHD turbulence
level in the sheath region ahead of the CME, which is a vital indicator of
the strength of the geomagnetic storm that can be triggered by the event. It
will also provide one of the few observational constraints on the magnitude
of the diffusion coefficients of charged particles in the presence of turbulent
magnetic fields.
6.2.2 Forbush decrease precursors
We would like to look at Forbush decrease precursors: something that will
contribute substantially to advance warnings of the strength of geomagnetic
storms. Forbush decrease precursors are pre-increase/pre-decrease observed
in cosmic ray intensity before the onset of Forbush decreases. Many stud-
ies suggest that the pre-increases/pre-decreases of the cosmic ray intensity
(known as precursors) which usually precede a Forbush decrease could serve
as a useful tool for studying space weather effects. Anomalies in the cosmic
ray intensity distribution such as pre-increases or pre-decreases along with
the anisotropy are often observed. These changes are observed from one to 24
hours before the arrival of the shock and can be used to forecast the intensity
of the impending geomagnetic storms.
We need to examine the cosmic ray data and identify the loss-cone pre-
cursors associated with the Forbush decreases so as to understand the physics
behind the precursors of the Forbush decrease. We believe that the unique
multi-rigidity measurements from GRAPES-3 can contribute substantially
to this field.
6.2.3 CME kinematics
In chapter 5 we found that the CMEs expanding in a self-similar manner
are not force-free. The misalignment angle between the between the current
density J and the magnetic field B inside the CMEs provides evidence for
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Lorentz self-force driving. In our future work we would to examine the mag-
netic field structure of CMEs observed in-situ by near-Earth spacecraft and
calculate the pitch angle (γ) of the flux rope magnetic field. This will help
us to identify the misalignment angle in near-Earth CMEs and establish the
force-free nature (or lack thereof) of CMEs observed near the Earth.
In section § 3.2.3 we constructed the two stage velocity profile using a
constant acceleration for the first stage and using a constant drag coefficient
CD for the second. In future work we would like to gain a better under-
standing of the Lorentz self-force driving of CMEs. Subramanian, Lara &
Borgazzi (2012) describes the drag coefficient in terms of the viscosity of the
solar wind. This model will help us to use a more physical drag coefficient
rather than a constant CD through out the heliosphere. Combining Lorentz
self-force driving and the viscous drag will allows us to obtain a more phys-
ical CME velocity profile, which can predict the CME transit time more
accurately.
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